ENERGY DISSIPATION IN TURBULENCE

by
Ali Pakzad
B.S. in pure Mathematics

Bahounar University, 2006

Submitted to the Graduate Faculty of
the Kenneth P. Dietrich School of Arts and Sciences in partial
fulfillment
of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh
2018



UNIVERSITY OF PITTSBURGH

DIETRICH SCHOOL OF ARTS AND SCIENCES

This dissertation was presented

by

Ali Pakzad

It was defended on
May 10, 2018
and approved by

Prof. William Layton, Dietrich School of Arts and Sciences, University of Pittsburgh
Prof. Gautam Iyer, Department of Mathematical Sciences, Carnegie Mellon University
Prof. Michael Neilan, Dietrich School of Arts and Sciences, University of Pittsburgh
Prof. Catalin Trenchea, Dietrich School of Arts and Sciences, University of Pittsburgh

Dissertation Director: Prof. William Layton, Dietrich School of Arts and Sciences,

University of Pittsburgh

1



ENERGY DISSIPATION IN TURBULENCE
Ali Pakzad, PhD

University of Pittsburgh, 2018

The accurate simulation of turbulent flows is a central computational challenge in many
important applications, including global climate change estimation, environmental science,
ocean and atmosphere dynamics, energy efficiency improvement and optimization of in-
dustrial processes. As an example, turbulence predictions are key to limiting damage of
hurricanes (estimated to be hundreds of billions of dollars in 2017). These are fundamen-
tally non-linear problems that probed in this thesis through numerical computations and
supporting mathematical analysis. The accuracy of turbulence models depends on their tur-
bulent dissipation. The dissipation is studied and it is utilized to validate results with the

Statistical Equilibrium Law as the benchmark:

e In Chapter 3, the energy dissipation in a turbulence model discretized on an under-
resolved mesh is delineated. This is the first connection between computational experi-
ence and mathematical analysis in this direction [63].

e It is rigorously proved in Chapter 4 that the over-dissipation (wrong accuracy) of a
turbulence model can be corrected using van Driest damping [62]. This had been an
open question (e.g. [5] p. 78) since 1963.

e The temperature in natural convection is uniformly bounded in time. Although the
problem has been studied for a long time, no better bounds for the approximate tem-
perature than an exponential growth in time were obtained e.g. [78,79,87]. In Chapter
5, it is proved that the temperature approximation is bounded sub-linearly in time by

introducing a new interpolation [19].
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1.0 INTRODUCTION

The accurate simulation of turbulent flows is a central computational challenge in many
important applications, including global climate change estimation, environmental science,
ocean and atmosphere dynamics, energy efficiency improvement and optimization of indus-
trial processes. As two examples, turbulence predictions are key to limiting damage of
hurricanes (estimated to be hundreds of billions of dollars in 2017). In addition, 85% of
the energy in the US is generated by combustion for which accurate simulation of turbulent
mixing is critical for energy efficiency optimization.

One of the most fascinating features in turbulent flows is the emergence of complicated
chaotic structures involving a wide range of length scales behind which typical flow patterns
are still recognizable [73]. The state of motion is too complex to allow for a detailed descrip-
tion of the fluid velocity and experimental or numerical measurements. One of the main
challenges in fluid dynamics is thus the derivation of quantitative statements on turbulent
flows to validate a result from a model. In this thesis the time-averaged energy dissipation
rate is employed as a benchmark (e.g. [58] and [35]) to check the results’ accuracy and
validate the model’s simulation. The classical Statistical Equilibrium Law is based on
the concept of the energy cascade. Considering U and L as the global velocity and length

scales, time-averaged energy dissipation rate (g) scales as (Kolmogorov 1941)

Saffman 1968 [70] addressed this estimate and wrote:
This result is fundamental to an understanding of turbulence and yet still lacks theoretical

support.



As was predicted by Richardson [69] and Kolmogorov [43], in turbulent flows and in the
limit of the high Reynolds number, the energy dissipation rate is often observed to approach
a limit independent of the viscosity [20]. In the 1990s, Doering and Constantin [15] and
Doering and Foias [17] estimated the energy dissipation rigorously and directly from the
equations of motion, (¢) < C %3 Similar estimations have been proven by Marchiano [53],
Wang [85] and Kerswell [42] in more generality. There are many numerical (e.g. [7] and [61])
and experimental (e.g. [81] and [75]) evidence to support the Statistical Equilibrium Law.

These are the fundamentally non-linear problems that have been probed in this thesis
through numerical computations and supporting mathematical analysis. The accuracy of
turbulence models depends on their turbulent dissipation. This dissipation is investigated
here and it is utilized to validate results with the Statistical Equilibrium Law as the bench-
mark.

Although all chapters are related conceptually, each chapter is written such that it can
be read independently.

In Chapter 2, we introduce some fundamental concepts and motivations used extensively
in this thesis.

In Chapter 3, upper bounds are derived on the computed time-averaged energy dissipation
rate, (¢(u”)), for an under-resolved mesh h for turbulent shear flow [63]. Because of the
limitations of computers, we are forced to struggle with the meaning of the under-resolved
flow simulation. Turbulence models are introduced to account for sub-mesh scale effects,
when solving fluid flow problem numerically on an under-resolved spatial mesh size h [47].
One key in getting a good approximation for a turbulence model is to correctly calibrate
the energy dissipation £(u) in the model on the under-resolved mesh and understand how
the energy dissipation rates for different scales depend on the physical parameters [46]. The
energy dissipation rates of various turbulence models have been analyzed assuming infinite
resolution (i.e. for the continuous model e.g. [15], [45], [46], [53], [62] and [85]), but not
coarse resolution. The unexplored question is: What is the time-averaged energy dissipation

"is an approximation of u on a coarse mesh h, associated with the

rate {e(u”)), when u
computational cost?

In Chapter 4, we study the time-averaged energy dissipation rate (egyp(u)) for the



combination of the Smagorinsky model and a damping function. The Smagorinsky model is
well known to over-damp [71]. One common correction is to include damping functions that
reduce the effects of model viscosity near walls [67]. There has been many numerical tests
but no analytic support of this fact since 1956 (cited in [5] p.78). Mathematical analysis
is given in Chapter 4 that allows the evaluation of (egpp(u)) for any damping function.
Moreover, the analysis motivates a modified van Driest damping. We rigorously prove that
the combination of the Smagorinsky model with this modified damping function does not
over dissipate and is also consistent with Kolmogorov phenomenology [62].

In Chapter 5, we improve the stability estimates for the velocity, temperature and pres-
sure approximation in the natural convection problem. Natural convection of a fluid driven
by heating a wall is a classical problem in fluid mechanics that is still of technological and
scientific importance (e.g. [11] and [26]). The temperature in natural convection problems
is, under mild data assumptions, uniformly bounded in time. This property has not yet been
proven for the standard finite element method (FEM) approximation of natural convection
problems with nonhomogeneous Dirichlet boundary conditions, e.g., the differentially heated
vertical wall and Rayleigh-Bénard problems. However, when this often analyzed problem is
approximated by standard FEM, all available stability bounds for the temperature exhibit
exponential growth in time, e.g. [78,79,87]. Even in the stationary case, stability estimates
can yield extremely restrictive mesh conditions h = O(Ra~'°) [12], when Ra is the dimen-
sionless Rayleigh number. We prove that provided the first mesh line in the finite element
mesh is within O(Ra™!) of the heated wall, the computed velocity, pressure, and temper-

ature in the natural convection problems are stable allowing for sub-linear growth in time

[19].



2.0 BACKGROUND

In this chapter we are going to provide mathematical preliminaries on the Navier-Stokes
equations. We briefly describe the Richardson energy cascade, and from there, we discuss
the motivation behind a turbulence model in Large Eddy Simulation. We end the chapter

by introducing the most classical turbulence model in LES, the Smagorinsky model.

2.1 THE NAVIER-STOKES EQUATIONS

Consider the flow of an incompressible fluid with the kinematic viscosity v. The velocity
and pressure (u,p) satisfy the Navier-Stokes equations for 0 < ¢t < oo in the bounded and

regular flow domain € in R3
ur+u-Vu—vAu+Vp= f(z,t) and V-u=0 in{, (2.1.1)

subject to the no-slip condition on 0f2, initial conditions and pressure normalization condi-
tions

u=0 on 2 x (0,00), u(x,0) =1wue(z) in Q and/ p(z,t)dz = 0. (2.1.2)

Q

Here f(z,t) € L>(0,00; L*(Q)3) is the force and ug € L?(Q2)® is a weakly divergence-free
initial condition. The Navier-Stokes equations (NSE) which describe the motion of viscous
Newtonian fluids should be solved forward in time for w(z,t) and p(z,t), starting from
an initial divergence-free velocity field ug(z). Moreover, (2.1.1) is nothing more than the
Newton’s second law of motion when u; + u - Vu is acceleration of a fluid element and

v 7 u — Vp is the force per unit mass density due to the neighboring elements [15].



Although there has been considerable progress since the NSE was presented in 1840
by French engineer Claude Louis Marie Henri Navier, a number of fundamental questions
about its solutions remain, and several constitute grand challenges for the mathematics
community. Indeed, it is not known whether the three-dimensional Navier-Stokes equations
possess unique smooth solutions at high Reynolds number. This problem is one of the seven
most important open problems in mathematics for which the Clay Mathematics institute

has offered a one-million-dollar prize for a proof or a counterexample.

2.1.1 Mathematical Preliminaries, Notations and Definitions

We use the standard notations LP(2), W*P(Q), H*(Q2) = Wk2(Q) for the Lebesgue and
Sobolev spaces respectively. The inner product in the space L?(Q2) will be denoted by (-, )
and its norm by || - || for scalar, vector and tensor quantities. Norms in Sobolev spaces
H*(Q),k > 0, are denoted by || - ||g» and the usual L? norm is denoted by || - ||,. The
symbols C' and C; for ¢ = 1,2, 3 stand for generic positive constant independent of v, L and
U. In addition, Vu is the gradient tensor (Vu);; = g—iﬁif fori,j =1,2,3. D(u) := 3(Vu+Vu")
denotes the deformation tensor. L is the characteristic length of the domain and U is the

characteristic velocity. The Reynolds number is defined as

Re = —.

v

In fluid dynamics, the Reynolds number plays an important role to help predict similar flow
patterns in different fluid flow situations. It is roughly defined as the ratio of inertial forces
to viscous forces. If Re is small, then the viscous forces are dominant and the flow tends to
be smooth and move slowly (laminar flow). For very large Re the flow is dominated by the
inertial forces and featured by instabilities and chaotic small-scales motions (turbulence).

The following function spaces will be used to define the weak solution of the NSE in

Definition 2.1.3.

HQ)={vel*Q); V-v=0 and v-n=0 on 00},



Q = [2 = {q € LX) /quasz()}?
Vi={veH); (,V-v)=0 VYgeQ},
T
L0, T:V) = {o(t) : [0,T] — V:; / IVol2 < oo},
0

L0, T; H(Q)) :={v(t);[0,T] — H(Q); ess supy,r|v| < oo}

Definition 2.1.1. (Energy Dissipation Rate) The energy dissipation rate per unit vol-

ume of the flow at time ¢ is

e(u) = @HVU('J)H :

and the time-averaged of the quantity g is

T—o00

1 /T
(g) := limsup —/ g(-, t)dt.
T Jo

The time-averaged energy dissipation rate per unit mass is

((w)) i lims 1/Te< it — - lims 1/Tnv Pt = Lgval?). @13)
u = 111mM sup — u = —— 11111 Ssup — u = — u . .
T_>oopT 0 |Q| T—>oopT 0 |Q|

The energy dissipation rate is one of the most critical quantities in the theory of turbu-
lence. Upper bounds yield estimates on the small length scales in the solutions. Moreover,
the system’s global attractor, if it exists, is also controlled by this quantity [85]. The work
done by forces such as drag are balanced by the energy dissipation rate in steady-state prob-
lems. Upper bounds for the energy dissipation rate are applied to estimate length scales
and, in particular, overall complexity of turbulent flow simulation [46]. Moreover, it is usual
to compute time-averaged flow statistics in practical simulations of fluid dynamic and match

them against benchmark averages; see, e.g. [34] or [35].

Definition 2.1.2. (Trilinear from) Define the trilinear form b on H! x H' x H! as,

1 1
b(u,v,w) := =(u-Vv,w) — =(u - Vw,v).
2 2



2.1.2 Variational Formulation and Continuous-in-Time Finite Element Discretiza-

tion of NSE

The weak solutions of NSE, introduced by Leray [48], satisfies not only the Navier-Stokes
equations in the weak sense but also the energy inequality (for details on the distinction

between weak and strong solution see [13]).

Definition 2.1.3. (Weak solution of NSE) Let uy € H(Q), f € L*(Q x (0,7)). A

measurable function u(x,t) : Q x [0,T] — R? is a weak solution of NSE if

1. we L2(0,T; V)N L2(0, T; H(Q)),

2. u(x,t) satisfies the integral relation
T T
/ (ut, v) +v(Vu, Vo) + (u-Vu,v) — (p,V-v) dt = / (fyv)dt YveCP(Qx(0,T)),
0 0
3. u(z,t') satisfies the energy inequality for all ¢ € [0, T

1 t 1 t
SR+ IV < Sl + [ (o). £ at,

4. limy o [|u(t) — uol| = 0.

These are integrated versions of equations (2.1.1) that make sense for velocity fields
u(z,t) that may not be smooth enough to be differentiated as required to satisfy the partial
differential equations (2.1.1) pointwise in space and time. The basic idea behind the con-
struction of weak solutions is to start with an appropriately regularized approximation to
the Navier-Stokes equations to which solutions may be shown to exist for all times and then
consider the limit of these approximate solutions as the regularization is removed [15]. In
two dimensions, it is known that a weak solution exists and is unique. In 3d, it is proven
that weak solution exist, Leray [48], but it is not known if weak solutions are unique.

To discretize the NSE, let T}, be a quasiuniform tetrahedral or 3-D rectangular mesh of
Q) with mesh size h € (0,1). Consider X" C HZ(€) be the Lagrange finite element space
including continuous piecewise linear functions associated with the mesh 7},. We shall assume

throughout the thesis that the pressure finite element space Q" C L3() is conforming, has



approximation properties typical of finite element spaces commonly in use and satisfies the

following discrete inf-sup condition where 3" > 0 uniformly in h as h — 0

. (qhv A Uh) h
inf sup ————~ > > 0. 2.1.4
B AT TP (214

The approximate velocity and pressure are maps: u” : [0,7] — X" ph: (0,7] — Q"

satisfying

(ul', ™) + v(Vu, Vol) + b(u”, u", ") — (", V - o") = (f,0") Vo e XN,
(v ’ uh7 qh) - O th € Qh7 (215)

(u"(x,0) — up(x),v") =0 Vo € X",

By choosing a basis for (X", Q") and expanding (u”,¢") in terms of the basis, the above
equations (2.1.5) reduce to a nonlinear system of ODE’s in ¢ with a linear side condition.
Then approximate velocities and pressures can be computed by using a time stepping method
(for more details see [27] or [29]). Under the inf-sup condition (2.1.4) the pressure can be
eliminated temporarily from the system by restricting v" in (2.1.5) to the space of discretely

divergence free function V"

Vi={o" e X" (¢", V- u") =0,v¢" € Q"}.

Moreover, under the discrete inf-sup condition (2.1.4), system (2.1.5) is equivalent to: find

ul 1 [0, T] — V" which satisfies

(ul', ") + v(Vu", Vol) + b(u”, w0 = (f,0") Vol e VI (2.1.6)

Remark 2.1.1. The inf-sup condition (2.1.4) plays the key role of ensuring that, given a
unique velocity, there is a corresponding pressure. It is also critical to bounding the fluid

pressure and showing the pressure is stable [23].



2.2 ENERGY CASCADE

Turbulent flow is observed to consist of a cascade of three-dimensional eddies of various sizes.
The picture of the energy cascade was first described by Richardson [69] as follows. Energy
is input into the largest scales of the flow. The large eddies are unstable and break up. There
is an intermediate range (inertial range) in which non-linearity drives energy into smaller
scales and conserves the global energy because dissipation is negligible. These smaller eddies
undergo a similar break up process, and transfer their energy to yet smaller eddies. This
energy cascade, in which energy is transferred to successively smaller and smaller eddies,
continues until the Reynolds number is sufficiently small and dissipation is non negligible.
The molecular viscosity is then effective in dissipating the kinetic energy and the energy in
those smallest eddies decays to zero exponentially fast (Figure 1). E(K) and K are kinetic
energy and wave number respectively in Figure 1. The data were gathered from 17 different
flow by Saddoughi and Veeravalli (1994) are perfectly consistent with the described energy
cascade and Figure 1 (see p. 235 of [67]).

Solutions of the NSE exhibit this energy cascade. This fact has been understood since
the work of L. F. Richardson and A. N. Kolmororov and is based on a few fundamental
properties of solutions of the NSE (see the details on [47]). One reason that the above
description is of importance is that it places dissipation at the end of a sequence of processes.
Therefore, the rate of dissipation is determined by the first process in the sequence, which
is the transfer of energy from the largest eddies. These largest eddies have energy of order
U? and timescale 7 = %, so the rate of transfer of energy can be scaled as % = de This
implies the Equilibrium Dissipation Law for time-averaged energy dissipation rate (¢)

3
(Kolmogorov 1941); () ~ .

2.3 LARGE EDDY SIMULATION

In Kolmogorov’s description of the eddies in turbulent flow in 1941, the large eddies are

deterministic in nature. Those below a critical size die quickly due to viscous forces [20].



Input of energy slope =-5/3
log(E(k)) 4  at largest scales in inertial range

Energy cascade
through inertial effects

Viscous dissipation
dominates

I Inertial Range =

log(k)

Figure 1: A diagram of the energy cascade at very high Reynolds number.

This critical length scale, Kolmogorov microscale, is 7 = O(Re™1) and O(Re"2) in three
and two dimensions respectively. To simulate properly the persistent eddies in a three-
dimensional flow, O(Re%) mesh points in space per time-step are required. For example for
a small airplane with Re = 2 x 107, 10'® mesh points are required. This number increases
to at least 10% mesh points for an atmospheric flow. Such a procedure is called a direct
numerical simulation (DNS) and is not practical (at the present time!) for many interesting
flows.

One approach to the simulation of turbulent flow is called Large Eddy Simulation (LES).
The aim is to simulate accurately the motion of those eddies of size > §. From the numerical
point of view, ¢ is associated with the mesh size h (~ computational cost). Once a coarse
mesh (> Kolmogorov microscale) is selected, the mean effects of small eddies (smaller than
the coarse mesh size) on the large eddies should be modeled. Regarding the energy cascade,
small eddies act to drain energy from the large eddies. Therefore, it is required to model the

energy lost to the resolved scales.

10



2.3.1 Models in Large Eddy Simulation

According to the LES and from the point of view of applications, only those flow structures
above a certain length scale 6 = O(h) can be computed or represented. The mathematical
derivation of any LES model from the NSE proceeds as follows. Consider the length scale
§ > 0 and a smooth function g(z) = (£)2 exp(—6|z[?). The mollifier gs(z) is defined by:

™

The local spacial filter is defined by convolution with gs. Given wu(z) define:

alz) = (g5 % u)(z) = / g5z — y)uly)dy,

R3

where u is extended by zero outside of {2. This convolution eliminates any local oscillations
smaller than O(¢d). Ignoring boundaries for the moment and averaging the incompressible

Navier-Stokes equations (2.1.1) with constant filter width 0 (i.e. take gsx NSE(u)) gives:

u+u-Vu—vAu+Vp +V-Ru,u)=f and V-u=0 in , (2.3.1)

where R(u,u) denotes the sub-filter scale stress tensor

R(u,u) :==uu — ua.

Since R is a function of u and @, system (2.3.1) is not closed. The simplest closure assump-
tion is that the turbulent stress is a linear function of the large scale’s deformation tensor
D(u) [67]. This assumption denotes the Eddy Viscosity Hypothesis and is quite old in fluid
mechanics. It is based on the energy cascade and the fact that ”the small eddies act to drain

energy from the large eddies.” This model is given by:
V- R(u,u) ~ =V - (2vrD(u)), (2.3.2)

where v is the turbulent viscosity coefficient and is required to be modeled *.

IThe substitution (2.3.2) is not strictly correct. In fact, R must be split into two parts

1 1
R=R- gtrace(R)I) + gtrace(R)I.

11



2.3.2 The Smagorinsky Model

In 1963 Joseph Smagorinsky 2 proposed the following model for the turbulent viscosity

coefficient,

vr = (Cs0)%|D(u)]. (2.3.3)

In (2.3.3) Cj is the standard model parameter whose correct value is still under debate [5].
Using Korn'’s inequality for 1 < p < oo [31], it can be shown that ||D(u)||, =~ ||Vu]|,. There-
fore, for simplification in the energy calculation, one can replace V - (2(Cs6)%|D(u)|D(u)) by
V- ((C40)?|Vu|Vu) in the model. Although in this thesis we focus on the following version

of the Smagorisky model, the analysis herein holds for both by the same argument.

u +u - Vu — vAu+ Vp — V - ((C40)*|Vu|Vu) = f. (2.3.4)

In general, the eddy viscosity term V- ((C6)?|Vu|Vu) with § = O(h) is added to the Navier-
Stokes equations to model the extra dissipation which cannot be captured by the NSE viscous
term on an under-resolved mesh. The Smagorinsky model has proved to be the workhorse in
the large eddy simulation of flow. The model was used in 1967 to develop the first coupled
atmosphere - ocean climate models for studies of global warming, emphasizing the important

differences between the equilibrium and transient responses to increasing carbon dioxide.

The average of the stresses, %traee(R)I, is incorporated into the turbulent pressure in (2.3.1). i.e.
1 _
D+ gtrace(R)I = p.

The trace free part of R is then modeled by the turbulent diffusion,

V- (R- %trace(R)I) ~ =V - (2urD(a)).

2Joseph Smagorinsky was a leader in the 1950’s in using numerical methods and mathematical models
to predict trends in weather and climate. He was the first to show that practical forecasting could really be
done by solving the Navier-Stokes equations.

12



3.0 ANALYSIS OF MESH EFFECTS ON TURBULENT FLOW
STATISTICS

Because of the limitations of computers, we are forced to struggle with the meaning of
under-resolved flow simulations. Turbulence models are introduced to account for sub-mesh
scale effects, when solving fluid flow problems numerically. One key in getting a good
approximation for a turbulent model is to correctly calibrate the energy dissipation £(u) in
the model on an under-resolved mesh [46]. The energy dissipation rates of various turbulent
models have been analyzed assuming infinite resolution (i.e. for the continuous model e.g.
[15], [45], [46], [53], [62] and [85]). The question explored herein is: What is the time-averaged
energy dissipation rate (e(u”)), when u" is an approximation of u on a given mesh h (fixed
computational cost) for the Smagorinsky model?

Numerical simulations of turbulent flows include only the motion of eddies above some
length scale § (which depends on attainable resolution). The state of motion in turbulence is
too complex to allow for a detailed description of the fluid velocity. Benchmarks are required
to validate simulations’ accuracy. Two natural benchmarks for numerical simulations are the
kinetic energy in the eddies of size > (O(d) and the energy dissipation rates of eddies in size
> O(0) (e.g. [58] and [35]). Motivated from here, we focus on the calculation of the time-
averaged energy dissipation rates of motions larger than 0. In the large-eddy simulation
(LES), predicting how flow statistics (e.g. time-averaged) depend on the grid size h and the

filter size ¢ is listed as one of ten important questions by Pope [66].

up +u - Vu — vAu + Vp — V- ((C56)?|Vu|Vu) = 0, (3.0.1
V-u=0 and u(z,0)=1wuy in Q. -

13
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Figure 2: Shear flow boundary condition.

Consider the Smagorinsky model (3.0.1) subject to a boundary-induced shear (3.0.2) in
the flow domain Q = (0, L)3,

In (3.0.1) w is the velocity field, p is the pressure, v is the kinematic viscosity, § is
the turbulence-resolution length scale (associated with the mesh size h) and Cy ~ 0.1 is
the standard model parameter (see Lilly [50] for more details). We consider shear flow,
containing a turbulent boundary layer, in a domain that is simplified to permit more precise
analysis. L-periodic boundary conditions in z and y directions are imposed. z = 0 is a fixed

wall and the wall z = L moves with velocity U (Figure 2),

L — periodic boundary condition in z and y direction, ( )
3.0.2

uw(z,y,0,t) =(0,0,0)" and w(z,y,L,t)=(U,0,0)".

To disregard the effects of the time discretization on dissipation, we consider (3.0.1)

continuous in time and discretized in space (see (3.1.6)) by a standard finite element method

14
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Figure 3: Dissipation vs. h and Re.

since the effects of the spatial discretization, and not the time discretization, on dissipation
is the subject of study here. In Theorem 3.2.1, we first estimate (¢(u”)) for fine enough
mesh that no model to be necessary (h < O(Re ') L). Since models are used for meshes
coarser than a DNS, we next investigate (3.0.1) on an arbitrary coarse mesh. Theorem 3.2.3

presents the analysis of (¢(u")) on an under-resolved mesh. The results in Theorems 3.2.1

and 3.2.3 can be summarized as,

(e(uh) 1+ (%) Re? for h<O(Re )L

US/L 5 3 g3 -
/ 7o i T (5 + @ e hr for A= O(Re™!) L

(3.0.3)

Considering 0 = h in (3.0.3), which is the common choice in LES [66], we speculate that

(6U(§‘;LL)> varies with Re and h as depicted qualitatively in figure 3.

Remark 3.0.1. Shear flow has two natural microscales. The Kolmogorov microscale is 7 ~

Re i L, and describes the size of the smallest persistent motion away from walls. The second

15



length is Re~! L which denotes the turbulent boundary layer. Our analysis here, and (3.0.3),

indicates this latter scale is the more important one for shear flow.

In (3.0.3), (e(u™)) scales as UTS as predicted by Richardson and Kolmogorov. For the fully-
resolved case, this estimate is consistent as Re — oo and § = h ~ O(Re™!) with the rate
proven for the Navier-Stokes equations in [15]. On the other hand, the weak Re dependence
in the under-resolved case (that vanishes as Re — oc0) is consistent with Figure 4, adopted
from [20]. This figure shows how the dissipation coefficient varies with Reynolds number
for a circular cylinder based on experimental data quoted in [82]. Tritton [82] observed
that the dissipation coefficient behaves as Re™! for small Re, and at high Reynolds number
stays approximately constant independent of the viscosity. Theorem 3.2.3 is also consistent
with the recent results in [56] derived through structure function theories of turbulence.
Corollaries 3.2.6 and 3.2.8 show that the estimate (3.0.3) suggests over-dissipation of the
model for any choice of C; > 0 and 0 > 0. In other words, the constant C causes excessive
damping of large-scale fluctuation, which agrees the computational experience (p.247 of
Sagaut [71]). There are several model refinements to reduce this over-dissipation such as the
damping function [62].

In Sections 3.1, we collect necessary mathematical tools. In Section 3.2, the major results
are proven. We end this chapter with numerical illustrations and conclusions in Sections 3.3

and 3.4.

3.0.1 Motivation and Related Works

In turbulence, dissipation predominantly occurs at small scales. Once a mesh (of size h) is
selected, an eddy viscosity term V - ((C6)?|Vu|Vu) in (3.0.1) with § = O(h) is added to the
Navier-Stokes equations (NSE), Cs = 0 in (3.0.1), to model this extra dissipation which can
not be captured by the NSE viscous term on an under-resolved mesh.

Turbulence is about prediction of velocities’ averages rather than the point-wise velocity.
One commonly used average in turbulent flow modeling is time-averaging. Time averages
seem to be predictable even when dynamic flow behavior over bounded time intervals is

irregular [20]. Time averaging is defined in terms of the limit superior (limsup) of a function
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Figure 4: Variation of dissipation coefficient with Reynolds number for circular cylinder.

as,

(¢) = limsup l/0 W(t) dt.

Tooo 1
The classical Statistical Equilibrium Law is based on the concept of the energy
cascade. Energy is input into the largest scales of the flow, then the kinetic energy cascade
from large to small scale of motions. When it reaches a scale small enough for the viscous
dissipation to be effective, it dissipates mostly into heat (Richardson 1922, [69]). Since
viscous dissipation is negligible through this cascade, the energy dissipation rate is related
then to the power input to the largest scales at the first step in the cascade. These largest

eddies have energy %U 2 and time scale 7 = £, this implies the equilibrium dissipation law

(

for time-averaged energy dissipation rate () (Kolmogorov 1941),

2 3
U—) ~ CEU

(e) = O(—) =~ O

with C. = constant. Saffman 1968 [70], addressing the estimate of the energy dissipation

rates, (&) ~ UTB, and wrote that,

This result is fundamental to an understanding of turbulence and yet still lacks theoretical

support.
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Figure 5: C, versus Re, adopted from [60].

Information about C. carries interesting information about the structure of the turbulent
flow. Therefore mathematically rigorous upper bounds on C. are of high relevance. There
are many analytical ([15], [53] and [85]), numerical [7] and experimental [75] evidence to
support the equilibrium dissipation law; some of them are mentioned below.

Taylor [81] considered C. to be constant for geometrically similar boundaries. His work
led to the question "If C. depends on geometry, boundary and inlet conditions”. Since
then, a multitude of laboratory experiments [75] and numerical simulations [7] concerned
with isotropic homogeneous turbulence seem to confirm that C. is independent of Reynolds
number in the limit of high Reynolds number, but are not conclusive as to whether C. is
universal at such high Reynolds number values. In fact, the high Reynolds number values
of C seem to differ from flow to flow. The first results in 3D obtained for turbulent shear
flow between parallel plates by Howard [33] and Busse [10] under assumptions that the
flow is statistically stationary. There is an asymptotic non-zero upper bound, C, ~ 0.01 as
Re — oo, first derived by Busse [10] (Joining dashed line in Figure 5). The lower bound

on C. is already given for laminar flow by Doering and Constantin, % < C. (solid slanted
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straight line in Figure 5). Rigorous asymptotic Re — oo dissipation rate bounds of the form
(e) < C’EUTS, with C. ~ 0.088 (topmost horizontal solid line in Figure 5), were derived for
a number of boundary-driven flows during the 1990s (Doering and Constantin [15]). The
residual dissipation bound like this appeared for a shear layer turbulent Taylor-Couette flow-
where L was the layer thickness and U was the overall velocity drop across the layer. The
upper bound has been confirmed with higher precision in [61] as C, ~ 0.01087 (Heavy dots
in Figure 5). The corresponding experimental data measured by Reichardt [68] for the plane
Couette flow (Triangles in Figure 5) and by Lathrop, Fineberg, and Swinney [44] for the

small-gap Taylor-Couette system (Circles in Figure 5).

3.0.2 Why the Eddy Viscosity model and not the Navier- Stokes Equations?

A shear flow is one where the boundary condition is tangential. The flow problem with the
boundary condition like (3.0.2) becomes very close to the flow between rotating cylinders.
Flow between rotating cylinders is one of the classic problems in experimental fluid dynamics
(e.g. [20]).

Consider the Navier Stokes equations, Cs = 0 in (3.0.1), with the boundary condition
(3.0.2). The difficulty in the analysis of the energy dissipation of the shear flow appears due
to the effect of the non-homogeneous boundary condition on the flow. The classical approach
is required to construct a careful and non-intuitive choice of background flow ® known as

the Hopf extension [32].

Definition 3.0.1. Let ®(z,y, z) := (¢(2),0,0), where,

it 2 €[0,L— A
. (3.0.4)
(z—L+h) ifz€[L—h,1L]

¢(2) =

s @

The strategy is to subtract off the inhomogeneous boundary conditions (3.0.2). Consider

v = u — &, then v satisfies homogeneous boundary conditions. Substituting v = v + ® in

the NSE yields,
)
v+ v Vo — vAv + Vp + ¢(z)£ g (2)(1,0,0) = v¢"(2)(1,0,0), (3.0.5)
V-v=0.
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The key idea in making progress in the mathematical understanding of the energy dissipation
rate is the energy inequality. Taking inner product (3.0.5) with v = (vy, v2, v3) and integrating

over ) gives,

10

sl vIvul 4 [ (@G58 vt ond (@) do = [v'Guds. (300

However the NSE are rewritten to make the viscous term easy to handle, the nonlinear
term changes and must again be wrestled with. To calculate the energy dissipation, the
non-linear terms should be controlled by the diffusion term. Since both terms are quadratic
in u, considering current tools in analysis, this control is doable only by assuming / in
Definition 3.0.1 being small. Doering and Constantin [15] used the NSE to find an upper
bound on the time-averaged energy dissipation rate for shear driven turbulence, assuming
h ~ Re~!. Similar estimations have been proven by Marchiano [53], Wang [85] and Kerswell
[42] in more generality. For the semi-discrete NSE, John, Layton and Manica [39] show that
assuming infinite resolution near the boundaries, computed time-averaged energy dissipation
rate {e(u)) for the shear flow scales as predicted for the continuous flow by the Kolmogorov

theory,
U3
hy o O
(et ~
Now the question arises: How to find (g(u”)) for shear driven turbulence without any

restriction on the mesh size? With current analysis tools, the effort seems to be hopeless.

Therefore the p-laplacian term,

V- (|VulP~2 Vu), (3.0.7)

was added to the NSE. This modification will lead to the pth— degree term on the left side
of the energy inequality. Then applying appropriate Young’s inequality on the non-linear
term, we will absorb it on the pth— degree term without any restriction on h. Herein, we
focus on p = 3 (the Smagorinsky model (3.0.1)), but the analysis for p > 3 remains as an

interesting problem.
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3.1 MATHEMATICAL PRELIMINARIES, NOTATIONS AND
DEFINITIONS

We use the standard notations LP(Q), WFP(Q), H*(Q2) = W*2(Q) for the Lebesgue and
Sobolev spaces respectively. The inner product in the space L?*(2) will be denoted by (,-)
and its norm by || - || for scalar, vector and tensor quantities. Norms in Sobolev spaces
H*(Q),k > 0, are denoted by || - ||g+ and the usual LP norm is denoted by || - ||,. The
symbols C' and C; for ¢ = 1, 2, 3 stand for generic positive constant independent of the v, L

and U. In addition, Vu is the gradient tensor (Vu);; = Ea)ix: fori,j =1,2,3.

The Reynolds number is Re = % The time-averaged energy dissipation rate for model
(3.0.1) includes dissipation due to the viscous forces and the turbulent diffusion. It is given

by,

(e(u)) = nisip%/f(ré' [ VYU + (o) V') i (3.1.1)
Definition 3.1.1. The velocity at a given time ¢ is sought in the space
X(Q) :={u e H' () : u(z,y,0) = (0,0,0), u(z,y, L) = (U,0,0),
u is L-periodic in x and y direction}.
The test function space is
Xo(Q) :={u e HY(Q) : u(z,y,0) = (0,0,0), u(z,y, L) = (0,0,0),
u is L-periodic in z and y direction}.
The pressure at time ¢ is sought in
Q(Q) = I3(Q) = {g € I3() : f, qdz = 0}.
And the space of divergence-free functions is denoted by

V(Q):={ueX(): (V-u,q) =0 Vq e Q}.
Lemma 3.1.1. ® in Definition 3.0.1 satisfies,

272
a) |2l < U, b) Vel <Y, ¢) @] < L,

272 3r2 314
d) Ve < 5, ¢) [Vl < ) (Ve = SE.
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Proof. They all are the immediate consequences of the Definition 3.0.1. [

Remark 3.1.2. ® extends the boundary conditions (3.0.2) to the interior of €. Moreover, it
is a divergence-free function. h € (0, L) stands for the spatial mesh size.

Using a standard scaling argument in the next lemma shows how the constant Cy in the
Sobolev inequality ||u|ls < Cy||Vu||s depends on the geometry in R3.
Lemma 3.1.3. Consider the Sobolev inequality ||ul|l¢ < Co||Vul|s, then Cy is the order of Lz
when the domain is Q = [0, L]?, i.e

|ulls < C L2||Vul|5.

Proof. Let Q = [0,L]?, Q@ = [0,1]* and for simplicity 2 = (21,22, 23) and & = (&1, &, 23).
Consider the change of variable i : Q@ — Q by 1(i) = Li = x. If u(Li) = a(&), using the

chain rule gives,

d . d R du , .
T (0(@) = = (u(Ld) = L7-(La),

for © = 1,2,3 and since Lz = x we have,

1 du du
— = . 1.2

Using (3.1.2) and the change of variable formula, one can show,

Ou; | 5 ou; 4 1 05 5,. 0u; | 5
— = L =
gl = [ 15 de = [ F5IZ2 0 Lde = I,

therefore,

Ou; |5 0l 5
[Vull3 = ZH ||3 ZH ||3—||V 15 (3.1.3)

1,j=1 2,j=1

Again by applying the change of variable formula, we have,
1 16 7oy L 1ia
lulesey = (| ful'do)t = (| 22 [il'di)t = Ll
using the Sobolev inequality and also inequality (3.1.3) on the above equality leads to,
il gy = L Hlull oy < L3 Vulls = L34 [Vll, (3.1.4)

therefore as claimed Cy, = O(L?2). O
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We will need the well-known dependence of the Poincaré -Friedrichs inequality constant

on the domain. A straightforward argument in the thin domain @), implies Lemma 3.1.4.

Lemma 3.1.4. Let O = {(z,y,2) € Q: L —h < z < L} be the region close to the upper

boundary. Then we have
= @l 20,y < IV = )]0, (3.1.5)

Proof. The proof is standard. For details see Lemma 4.1.3. O

3.1.1 Variational Formulation and Discretization

The variational formulation is obtained by taking the scalar product v € Xy and g € L3 with

(3.0.1) and integrating over the space Q.

(ug, v) + v(Vu, Vo) + (u - Vu,v) — (p, V- v) + ((Cs0)?|Vu|Vu, Vo) = 0 Vo € Xy,
(V-u,q) =0 Vg€ L (3.1.6)
(u(z,0) —up(x),v) =0 Vv e X,.

To discretize the SM, consider two finite-dimensional spaces X" € X and Q" Cc Q
satisfying the following discrete inf-sup condition where 3" > 0 uniformly in h as h — 0,
h h
5, i 2 > 47
The inf-sup condition (3.1.7) plays a significant role in studies of the finite-element approxi-
mation of the Navier-Stokes equations. It is usually taken as a criterion of whether or not the
families of finite-element spaces yield stable approximations. In the other words, it ensures
given the unique velocity, there is a corresponding pressure. It is also critical to bounding
the fluid pressure and showing the pressure is stable [29].

Consider a subspace V" ¢ X" defined by:
Vi= " e X" (¢", V- u") =0,v¢" € Q"}.

Note that most often V* ¢ V and V - u" # 0 for any u" € V*. Thus we need an extension

of the trilinear from (u - Vv, w) as follows.
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Definition 3.1.2. (Trilinear from) Define the trilinear form b on X x X x X as:

b(u,v,w) := %(u -Vo,w) — %(u -V, v).

Lemma 3.1.5. The nonlinear term b(-, -, -) is continuous on X x X x X (and thuson V' x V xV

as well). Moreover, we have the following skew-symmetry properties for b(-, -, -),

b(u,v,w) = (u-Vo,w) Yu eV and v,w € X,

Moreover,

b(u,v,v) =0 Yu,veX
Proof. The proof is standard, see p.114 of Girault and Raviart [27]. ]

The semi-discrete/continuous-in-time finite element approximation continues by selecting
finite element spaces X! C X,. The approximate velocity and pressure of the Smagorinsky

problem (3.0.1) are u” : [0,7] — X" and p" : (0, T] — Q" such that,

(ul, o) + v(Va, Vo) + b(u, u o) — (p", V- o) + (C.0)?Vu |V, Vo) =0 Vol € XP,
(V-u",q")=0 Vq¢" €Q",
(u"(2,0) — up(x),v") =0 Yo" € XJ.

(3.1.8)
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3.2 THEOREMS AND PROOFS

In this section, we present upper bounds on the computed time-averaged energy dissipation
rate for the Smagorinsky model (3.0.1) subject to the shear flow boundary condition (3.0.2).
Theorem 3.2.1 considers the case when the mesh size is fine enough h < O(Re™!) L. The re-
striction on the mesh size arises from the mathematical analysis of constructible background
flow in finite element space.

On the other hand, Theorem 3.2.3 investigates (e(u")) for any mesh size 0 < h < L. We
then take a minimum of two bounds to find the optimal upper bound in (3.0.3) with respect

to current analysis.

Theorem 3.2.1. (fully-resolved mesh) Suppose ug € L*(Q2) and mesh size h < (:Re*)L.
Then (e(u”)) satisfies,

Proof. Let h = L in Definition 3.0.1 for 0 < v < L. Take v" = «" — ® € X! in (3.1.8).

Since b(-, -, -) is skew-symmetric (Lemma 3.1.5) and V - & = 0, we have,
(ul' u" — @) + v(Vu", Vi — V) + b(u", u", u" — ®) + ((Cs0)?|Vu"|Vu", Vi — Vd) =0,

and integrate in time to get,

S = )+ [ 9ar+ [ 0719t Pasyat = (). )

T T
—(uh(O),CI))—i-/ b(uh,uh,q))dt+l//0 (vuh,vq>)dt+(csa)2/0 (|Vu"|Vu", V)dt.

(3.2.1)

Using the Cauchy-Schwarz-Young’s inequality and Lemma 3.1.1 for h = L to bound
the right-hand side of the above energy equality:

(). ®) < L))+ Lo = Lty + I (3.2.2)
wmmwswmwww—V?mww@w (3.2.3)
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T T T 2
U“L
y/ (Vul, V) dt < 3/ IV |? + | VD|dt = 3/ v P+ LB (3.2.4)
0 2 Jo 2 Jo 2 v
Next, the nonlinear term b(-, -, -) in (3.2.1) can be rewritten as,
b(u, ul @) = b(u" — O, u" — ®, D) 4+ (D, u" — D, D)
1 1
= §b(uh —d,u" — &, ) — 5b(uh —®,®,u" — D) (3.2.5)

1 1
+ 5b(c1>, u — D) — 5b(cb, o, u — ).

Each term in (3.2.5) is estimated separately as follows using Lemma 3.1.4 and the Cauchy-

Schwarz-Young’s inequality. For the first term in (3.2.5) we have,

b(u" = ®,u" = @, ®) < [|@f| e [Ju" — D12V (" — D)|| 12 < VLUV (u" — @)]7-

<ALU|Vu" = V|7 <ULY(|Va"|| + [Ve[)* < ULy(2|Vu'|* + 2[Ve[*)  (3.2.6)
2

UL
< ULy(2||Vu"||? +2 . ) = 2U Ly||Vu"||* + 2U3 L2

For the second term we have,

U
bu" = @, ®,u" — @) <[Vl [Ju" — @|* < =4 L*|V(u" — )|
. 7 (3.2.7)
2| Vu"||? + 2—=) = 2y LU||Vu"||* 4 2U3 L2
¥

U
< 2L2_
<~ 7L(

The third one is estimated as,

U27L3
3
U3L?

V3 (3.2.8)
U3L?
V3

b(®,u" — B, @) < ||| ||V (u" — @) 2| @2 < U (Ivu"]| + Vel

U2L. _ U?y:L:
Vul|| + <
(IVu?]] 5 ) < e

UsL ) USL?2  U3L?
- [—= L)z h <
[ | [(UyL)z||Vu™||] + 7 < 5

V3
1 3 1
= §UL7||VU"||2 + (% + 6)U3L2.

U27L3
3

<U V|| +

1
) + §UL7||Vuh||2 +
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And finally the last one satisfies,

U2L

(@, @0~ ) < @]~ |V o[ — @2 < Uy [ ALV~ @)

UL .
~ )?) (3.2.9)

= U2 L2 |Vul|| + UPL? = [U2L] [(UL7)2 ||Vu"|] + UPL?

1

< Uy L3 (| V|| + [V Il) < U2 L3 (| Vu|| + (

1 1 1 3
< E(U?’LQ) + §UL7|]Vuh||2 +UPL? = EULVHVuh||2 + §U3L2.
Use (3.2.6), (3.2.7), (3.2.8) and (3.2.9) in (3.2.5) gives the final estimation for the non-linear

term as below,

5 19
b(u, u", ®)| < §UL7||Vuh||2 + EU?’LQ. (3.2.10)

Finally, using Holder’s inequality and Young’s inequality for p = % and ¢ = 3 and lemma

3.1.3 on the last term gives,

|(|Vu"|Vu", V)| < / (Vu"|? -V da
Q
< / v (var) (3:211)

/|Vu /|v<1>| /|v 1U3

Inserting (3.2.2), (3.2.3), (3.2.4), (3.2.10) and (3.2.11) in (3.2.1) 1mphes

g 1T 1 :

(= a0 [ IV iPdes g [ (Copivet s < Sl + g0

2 2 0 3o Ja 0 3.2.12

19 U3T (32.12)
+\/§UL3||uh(0)||+EU3L2T+ 2 —LUT + — ((J §)——

Dividing (3.2.12) by T and |Q2| = L? and taking limsup as 7" — oo lead to,

1 54LU 1., , ,. _10U% o» U2 1, ., U
S 272 < SN ToR) .
miny =5 gl s T o 300

fyLU 1
v

Let v < +Re!, then min{3 — 35

3} > 0 and the above estimate becomes,

Cso U_3
L L’

(e(u") < C 1+ (—)*Re?

which proves the theorem.
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"||2, is not required in the proof to be uniformly

Remark 3.2.2. The kinetic energy, %Hu

bounded in time since it was canceled out from both sides after inserting (3.2.2) in (3.2.1).

The estimate in Theorem 3.2.1 goes to UTS for fixed Re as Cyd — 0, which is consistent
with the rate proven for NSE by Doering and Constantin [15]. But it over dissipates for
fixed § as Re — oo as derived for the continuous case by Layton [46]. To fix this issue, one
can suggest a super fine filter size § ~ Le which is not practical due to the computation cost.

From here, we are motivated to study the following under-resolved case.

Theorem 3.2.3. (under-resolved mesh) Suppose ug € L?(Q2). Then for any given mesh

size 0 < h < L, {e(u”)) satisfies,

1 L C.6 LP L3

US
[— 2 R
Reh+(h)+ h .

(Covih (Con | T

Njw

(") <C

Proof. The proof is very similar to the one of Theorem 3.2.1, except the estimation on the
nonlinear term. Let h € (0, L) be fixed from the beginning. The strategy is to subtract off the
inhomogeneous boundary conditions (3.0.2). The proof arises as well by taking v" = u" — ®
in the finite element problem (3.1.8). Then after integrating with respect to time, we get
(3.2.1). The proof continues by estimating each term on the right-hand side of (3.2.1). Using
Lemma 3.1.1 and the Cauchy-Schwarz-Young’s inequality, the first three terms on the RHS
of the energy equality (3.2.1) can be estimated as,

1 1 1 1
(1), @) < S (D) + S1®)° = S (D) + cI20%h (3.2.13)

(u"(0), @) < [lu"(0)[[[|®]| = \/gULHuh(O)H- (3.2.14)

T T T 2L2
y/ (Vul, VO)dt < 5/ ||vuh||2+||v¢||2dt:5/ vt 2dt + 2Y

T. (3.2.15)
Next applying the Young’s inequality,
1 1
ab < —a? + =07,
p 4q
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for conjugate p = % and ¢ = 3 on a = |Vu"|? and b = |V | gives,

2 1
|/|Vuh|VuhV<I>dx| §/|Vuh|2|V<I>|dx§/(§|Vuh|3+—|VCI>|3) dx
Q Q Q

) e (3.2.16)

dr + - —5—.

3/ \Vu"|3da + 3 72
Inserting (3.2.13), (3.2.14), (3.2.15) and (3.2.16) in (3.2.1) implies,
Lo nernz — Ly neoy 2 h nyd

§||u (D)))* — §||u O)[]*+v ||Vu |2dt + (C46)? |Vu dx)dt

1 1 h U?L?
< @) + gm“ \ﬁULuuh(mu *3 / ||W|| di 5T (3:217)

U3 L2

e

+/0Tb(u u, ®)dt + = (05 / /|Vuh3da:)dt+ (Ce6)?

Finally the nonlinear term b(u", u", ®) is estimated as follow. First from Definition 3.1.2,

we have,

1 1
|b(ul, u, ®)| < §|(uh - Vu', ®)| + §|(uh -V, uM)|. (3.2.18)

The first term on (3.2.18) can be estimated using Holder’s inequality! for p = 3,¢ = 6 and
r =2,

(" Vu', @)] < /QluhVuhCD\de 1V [s [[u"[le || @] 2.

then applying the following Young’s inequality ? for conjugate exponents p = 3 and ¢ = %,

b2, (3.2.19)

when a = |[Vu"{|s, b = [|u"]|s ||®]]> and e = €2 Jeads to,

o lf ghlde < I£llp Nlgllg 1Pl for 5+ ¢ + 3 =1. )
2More generally, for conjugate (Il) + % =1) exponents a > 0,0 > 0: ab < saPl + 6;5 b? for any € > 0.
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2((055)2
30 4
From Lemma 3.1.3 we have |[u”||¢ < C Lz ||Vu"||3, it follows that

_1 2 3
)72 112113 [u"lg

1
bu", u", @) < —(Cd)?[|Vu" |3 +

1 2 (C,6)* 3 3
b, @) < @2Vt + 2 il ont v
Again apply the general Young’s inequality for conjugate exponents p = 2 and g = 2 to the
second term of the above inequality when € = @,

1 8 3 _
|(u" - VU, ®)| < (086)2||Vuh||§+E(Osé‘)QHVuhHg+C§L2(Os(5) ][5,

S| =

Use ||®||3 = (2)2 L*U? from the Lemma 3.1.1 on the above inequality and then,

[(u" - VP, )| < =(C,6)%||Vu" |2 + C LE(C,8)*h2 LU (3.2.20)

=

The second term |(u"-V®, u")| on (3.2.18) can be bounded first using Holder’s inequality

forp:6,q:%andr:6,

(u - VO, uh)| < / u" VO u|dz < ||VP|[5 [|u[[5.
Q

Using ||u"||¢ < L2||Vu"||5, Lemma 3.1.3, we have:

(6 90 < [ Vol < 190l LI
Q
then use Young’s inequality (3.2.19) with a = ||Vu"||2 and b = ||V(I)||% Lforp=3.4=3

and € = (C,0)?,

(Cs0)°
8

16 1
LIVl L

h . h < -

Va5 +

Since ||[V®||} = U?’hL4, Lemma 3.1.1, the above inequality turns to be,
2

16 U LT
27 (C0) h

0,0)?

(- v, u) <

V][5 +

(3.2.21)
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Combining (3.2.20) and (3.2.21) in (3.2.18), we have the following estimate on the non-

linearity,
7 USLT  Lzh2 U3
b(u", u", )| < —(Cy0)?||Vu" 3.2.22
Inserting (3.2.22) in (3.2.17) yields:
e h)|2 e 207, 1|3 Loz L Lrepre
5 v||Vu"| dt—|—§ ( (C’Sé) |Vu'°dx)dt < §||u (0)]] +8L Uh
0 0
(3.2.23)
h v U2L2 LUBL? U L7 L2h: [3U3
UL Cs6 T T T.
* \/g 1O+ 5= ( o T e Tt cen

Note that the above inequality can justify the fact that the computed time-averaged
of the energy dissipation of the solution (3.0.1) is uniformly bounded and hence {(e(u")) is
well-defined.

Dividing both sides of the inequality (3.2.23) by |Q2] = L* and T, taking lim Sup as

T — oo leads to,

1, . 1?2 1 Ub  LAUR hE L2 UB
Z < - 4=
W) <55 3O S e T ca
which can be written as
1 L 0,9 L’ L 5] U3
h < = S 2 51 2
(e(uh)) < C Reh+(h)+(05)4h (05)4h T (3.2.24)

and the theorem is proved.

Remark 3.2.4. The estimate in Theorem 3.2.3 is for a coarse mesh h > O(Re™!) L. For the

fully-resolved case h — Re™!

(or equivalently Cs6 — 0), the other estimate in Theorem 3.2.1
takes over. Moreover, the estimate is independent of the viscosity at high Reynolds number.

It is also dimensionally consistent.
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Figure 6: Level Sets.

The value of (¢(u")) in Theorem 3.2.3 depends on three discretization parameters; the
turbulence resolution length scale 9, the Smagorinsky constant C; and the numerical reso-
lution h. These affect (e(u")), but have no impact on the underlying velocity field u(z,t),

and hence they have no effect upon (e(u)).

Consider the upper bound on %(;‘/hg) in (3.2.24) as function of (Cd) and h, when Re > 1

and L are being fixed. The expression includes three main terms. The terms in the estimate

are associated with physical effects as follows,

L A (h,Cs6) = o % —>  Viscosity,
2. a(h, Cs0) = (S:2)2 => Model Viscosity,

5
3. A3(h,C0) = (CSL;)% + (062)4 h: = Non-linearity.

Tracking back the proof of Theorem 3.2.3, A1, Ay and A3 correspond to the viscosity term
vAu, model viscosity V- ((Cs6)?|Vu|Vu) and non-linear term u - Vu respectively. The three
level sets of Ay = Ao, Ao = A3 and \; = A3 are respectively denoted by the curves (i, (; and

(3 in the Figure 6, which are calculated as,
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3. Gt A = As = Cud = Rei L [1+ (1)3]5.

Remark 3.2.5. In Figure 6, consider the horizontal axis to be % and the vertical one to be
C,6. The three level sets divide the (£) (C,d) - plane into the four regions. The four regions
I II, III and IV are identified with respect to the comparative magnitudes of A, Ay and A3
on the (%) (C,0) - plane. After comparing the magnitude of these three functions on each
separate region, it can be seen that below the curve (3 (regions I and II) the effect of non-
linearity term u - Vu on the energy dissipation, corresponding to A3, dominates the other
terms. But above the curve ¢, (regions III and IV) the model viscosity term, corresponding
to A2, dominates. Surprisingly, the viscosity term rvAuwu is never bigger than the other two

terms for any choice of h, § and Cj.

The Smagorinsky coefficient Cs can be calibrated for a given class of flows. Its value varies
from flow to flow and from domain to domain (see e.g. Page 23 of Galperin and Orszag [22]
who quote a range 0.000744 < C < 0.020). In the next corollary the optimal value, with
respect the current analysis, of C in the Theorem 3.2.3 is investigated, considering 6 = h

which is a common choice [66].

Corollary 3.2.6. Let § = h > O(Re™!) L be fixed. Then for any choice of Cy > 0, the upper

{e@h) -

N in the Theorem 3.2.3 is larger than the dissipation coefficient C in Figure

estimate on

d.

Proof. Letting 6 = h, Theorem 3.2.3 suggests,

3]. (3.2.25)

(@) 1L o, gLy L
L “ren O talG)l )

Solving the minimization problem (Cj)mi, = arg ming_ F(C), the minimum of the function,

B 1 L 9 1 L, L s
F(C) = 5+ 05 + ci [(h) +() |, (3.2.26)
occurs at
1 L L 5 L 5 %
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Figure 7: Theorem 3.2.3 vs experimental results in Figure 5.

for (Cy)min = V2[(£)° + (£)3]5, assuming O(Re™) < & < 1 is fixed. This minimum
amount (3.2.27) dramatically exceeds the range of C, in Figure 5 for any typical choice of h

in LES. [l

Remark 3.2.7. Corollary 3.2.6 indicates over-dissipation of (e(u")) for any choice of C, > 0.
As an example, let % = 0.01, then F;, ~ 2000 in (3.2.27) as Re — oo. It is much larger

than the experimental range of C; in Figure 5, % < C. <0.1, see Figure 7.

However 0 is taken O(h) in many literature [66], the relationship between the grid size h
and the filter size  has been made based on heuristic instead of a sound numerical analysis
(p.26 of [5]). Therefore for an LES of fixed computational cost (i.e. fixed h) and fixed
length scale L, one can ask how the artificial parameter C; ¢ should be selected such that the
statistics of the model be consistent with numerical and experimental evidence summarized
in Figure 5. To answer this question, the inequality (3.2.24) takes over in the next corollary

for under-resolved spatial mesh o > O(Re™ ') L, since no model is used when (at much
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greater cost) a DNS is performed with 2 ~ Re™!.

Corollary 3.2.8. Let the mesh size h > O(Re™!) L be fixed. Then for any choice of C; > 0

and 0 > 0, the upper estimate on % in the Theorem 3.2.3 is larger than the dissipation

coefficient C in Figure 5.

Proof. Solving the minimization problem (Cy0)min = arg ming_ s G(Cd), the minimum of the

function,
1 L C,6 L’ L3 s
NH=_—_——= 572 h2 2.2
GO0 = 2e 7 T ) T e T (3:2.28)
occurs at,
1 L L Lt

for (Cs6)min = V2 h|[(£)°+ (%)%]% assuming h and L are fixed. This minimum amount which
is much larger than the experimental range of C,, é < C, < 0.1, leads to over-dissipation

of the model, Figure 7. O

Remark 3.2.9. The extra dissipation in the Corollary 3.2.6 and 3.2.8, which is consistent
with experience with the Smagorinsky model (e.g., Iliescu and Fischer [35] and Moin and
Kim [57]), can laminarize the numerical approximation of a turbulent flow and prevent the

transition to turbulence.

Remark 3.2.10. In the limit of high Reynolds number and for a fixed computational cost
h > O(Re™ ') L, the estimate in Theorem 3.2.3 is the function of Cyd,

5
L L—+L% h3l,

() Gy [
(C.0) h

U3/L =5

)’ +

which consists of two major parts. First,

)\2 = O((Csé)Q)

is derived from the eddy viscosity term and is quadratic in (C0). The latter,

A3 = 0((Ce0)™)
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is derived from the non-linearity term and is inversely proportional to (Csd)*. Therefore, the

(e(u))
U3/L

behavior of the graph in Figure 7 is decided by the competition between the increasing
function Ay and the decreasing function \3. This observation suggests model over-dissipation
is due to the action of the model viscosity, which is also consistent with [45]. Analysis in
[45] suggested that the model over-dissipation is due to the action of the model viscosity in

boundary layers rather than in interior small scales generated by the turbulent cascade.

3.3 NUMERICAL SIMULATIONS

The test is a comparison between simulation of the NSE and the Smagorinsky model for
two dimensional time-dependent shear flow between two cylinders, motivated by the classic
problem of flow between rotating cylinders. The domain is a disk with a smaller center
obstacle inside. The flow is driven by the rotational force at the outer circle in the absence
of body force, with no-slip boundary conditions suppressed on the inner circle. Note that in
the absence of body force here, most of the interesting structures are expected to be due to
the interaction of the low with the boundaries. The tests were performed using FreeFEM-++-
[30], with Taylor-Hood elements (continuous piecewise quadratic polynomials for the velocity
and continuous linear polynomials for the pressure) in all tests. The under-resolved mesh is
parameterized by the number of mesh points m = 60 around the outer circle and n = 20
mesh points around the immersed circle and extended to all of the domain as a Delaunay
mesh, Figure 8. We take Re = 3000, final time 7" = 10 and time step At = 0.01. The initial
condition ug is generated by solving the steady Stokes problem with the same condition
described above on the same geometry, this gives an initial condition that is divergence
free and satisfies the boundary conditions. The Backward Euler method is utilized for time
discretization.

In the NSE (Figure 9), as it is expected, flow does not approach a steady state and the
chaotic behavior of the velocity field especially near the boundaries can be seen. To verify
the code works properly, Cs = 0.00001 (i.e. Cs — 0) is considered once in the SM. The same

chaotic behavior as the NSE is observed in this scenario and the result is quite identical,
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which is consistent with the fact that SM — NSE as Cy — 0 (Figure 10).

To run the test on the Smagorinsky model, providing all other conditions hold, consider
Cs = 0.17 [50]. Motivated by Corollaries 4.2.2 and 4.2.4, consider 6 = h (Figure 11 )
and § = hé (Figure 12). In all cases, the model predicts the flow will quickly reach a
nonphysical equilibrium, which is clearly over-dissipated. This extra dissipation laminarizes

the approximation of the flow and prevents the transition to turbulence.

3.4 CONCLUSION

We investigate the computed time-averaged energy dissipation ((u”)) here for shear flow
turbulence on the under-resolved mesh. (g(u”)) scales as the equilibrium dissipation law,
UTS, for an under-resolved mesh independent of v at high Reynolds number being considered.
The upper bound in Theorem 3.2.3 does not give the correct dissipation for any choice of the
Smagorinsky constant Cy > 0 and filter size 6 > 0, which is consistent with the numerical
evidence. In addition, it is shown that the viscosity term vAu does not affect (e(u")) for
any choice of discretization parameters. The next important step would be analyzing the
computed energy dissipation rate for other turbulent models, e.g. dynamic subgrid-scale
model, on an under-resolved spatial mesh.

The analysis here indicates that the model over-dissipation is due to the action of the eddy
viscosity term V - ((Csd) |Vu| Vu). The classical approach to correct the over-dissipation of
the Smagorinsky model is to multiply the eddy viscosity term with a damping function. The
mathematical analysis in [62] shows that the combination of the Smagorinsky with a modified
van Driest damping does not over dissipate assuming infinite resolution (i.e. continues case).
The unexplored question is: What is the statistics of this combination on an under-resolved
mesh size?

In this report, the Smagorinsky model is used instead of the NSE. One can try to calculate
the energy dissipation rate for the discretized NSE on the coarse mesh. The key part of the
success is to prove the boundedness of the kinetic energy of the approximate velocity, ||u”||?,

for the NSE without any restriction on the mesh size h.
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Figure 8: Coarse mesh with 60 mesh points on the outer and 20 points on the inner circle.
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Figure 9: NSE; Chaotic velocity field near the boundary.
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Figure 10: SM — NSE as Cs — 0.
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4.0 DAMPING FUNCTIONS CORRECT OVER-DISSIPATION OF THE
SMAGORINSKY MODEL

Experience with the Smagorinsky model (SM) indicates it over dissipates (p.247 of Sagaut
[71]). This extra dissipation can laminarize the numerical approximation of a turbulent
flow and prevents the transition to turbulence (p.192 of [47]). Model refinements aim at
reducing model dissipation occur as early as 1975 [72] and continues with dynamic parameter
selection (Germano, Piomelli, Moin and Cabot [24] and Swierczewska [80]), structural sensors
(Hughes, Oberai and Mazzei [34]) and near wall models (e.g., Piomelli and Balaras [65], John,
Layton and Sahin [40] and John and Liakos [41]). The classical approach is to multiply the
turbulent viscosity with damping function J(z) (such as van Driest damping [83]) with
B(x) — 0 as x — walls. There have been many numerical tests but little analytic support of

this combination. This paper analyzes this combination of the SM with damping function

B(z) in the flow domain Q = (0, L)?,

U +u-Vu—vAu+ Vp — V- (B(2)(Ce0)*VulVu) =0 and V-u=0 inQ. (4.0.1)

In (4.0.1) w is the velocity, p is the pressure, v is the kinematic viscosity, 6 << 1 is a model
length scale and C ~ 0.1 is the standard model parameter (Lilly [50]). To evaluate the effect
of a damping function in the near wall region, we study the time-averaged energy dissipation
rate of (4.0.1) for shear flow. L-periodic boundary conditions in x and y directions are

imposed. z = 0 is a fixed wall and the wall z = L moves with velocity U (Figure 13),

u(z,y,0,t) =(0,0,0)" and w(z,y,L,t)=(U,0,0)". (4.0.2)
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The Reynolds number is Re = % The time-averaged energy dissipation rate for model

(4.0.1) includes dissipation due to the viscous forces and turbulent diffusion reduced by the

damping function f(x). It is given by

T
(esmp(u)) = 1i;nj)1ip %/0 (ﬁ Qy[Vu\Q + (c50)*B(x)|Vul|*dx) dt. (4.0.3)

This chapter estimates (egpp(u)) (Theorem 4.2.1) for a damping function f(x) in terms of

its integral on an v = O(Re™ 1) strip along the moving wall as

Cso

(esmp(u)) < [Ch 4 Ca i

L
)2R63l/L_ Lﬁ(z) dz] UTB

For an algebraic approximation of van Driest damping, Corollary 4.2.2 shows

(esap(w)) < [Co + Cy (222 Re?]

The above estimate goes to %3 for fixed Re as 6 — 0, but blows up as Re — oo for fixed
0, suggesting over-dissipation. On the other hand, damping with a classical mixing length

formula (4.2.19) of Prandtl, we obtain in Corollary 4.2.4

which is consistent with Kolmogorov phenomenology.
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Figure 13: Shear flow.

4.0.1 Related Work

In the theory of turbulence, the time-averaged energy dissipation rate is a fundamental
quantity (Sreenivasan [76], Pope [67], Lesieur [49], and Frisch [20]) determines the small-
est persistent length scales and the dimension of any global attractor [46]. Moreover, the
smallest length scale of turbulent flow simulation can be estimated by using upper bounds
of the energy dissipation rate. In turbulent flows, the energy dissipation is often observed
to approach a limit independent of the viscosity [43]. No rigorous proof of this fact has
been given. For shear flow between parallel plates, Busse [10] and Howard [33] estimated
(¢(u)) under the assumption that the flow is statistically stationary. Doering and Constantin
[15] proved an upper bound on the time-averaged energy dissipation rate for general weak
solutions of the Navier-Stokes equations (NSE), (e(u)) < C %3 Similar estimates have been

proven by Marchiano [53], Wang [85] and Kerswell [42] in more generality.

The Smagorinsky model [77], (z) = 1 in (4.0.1), is a common turbulence model used in
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Large Eddy Simulation (e.g., [5], [71], [38], [59], [64] and [25]). The extra term with respect
to the NSE can be generally justified as follows. In turbulence, dissipation occurs non-
negligibly only at very small scales, smaller than the typical mesh. The balance between
energy input at the largest scales and the energy dissipation at the smallest is a critical
selection mechanism for determining the statistics of turbulent flows. To get an accurate
simulation, once a mesh is selected, an extra dissipative term must be introduced to model
the effect of the unresolved fluctuations, which are smaller than the mesh width, upon the
resolved velocity.

The energy dissipation rate of the Smagorinsky model for shear flow with boundary layers

was estimated in [45] as:

[1+C2(=)*(1+ Re)2]Uf3. (4.0.4)

=~ =

(es(w))

IN

This estimate blows up for § fixed as Re — oo, which is consistent with the numerical

evidence (e.g., Iliescu and Fischer [35] and Moin and Kim [57]). Surprisingly, it was shown

in [45] that the energy dissipation rate of the Smagorinsky model in the absence of boundary
layers satisfies:

13

(es(u)) < O (4.0.5)

Comparing these two results (4.0.4) and (4.0.5) suggests that the model over-dissipation

is due to the action of the model viscosity in boundary layers rather than in interior small

scales generated by the turbulent cascade. To reduce the effect of model viscosity in the

boundary layers damping functions §(x), which go to zero at the walls, are often used (Pope

[67]). In this case most of the tools of analysis, such as Kérn’s inequality, the Poincaré-

Friederichs inequality, and Sobolev’s inequality, no longer hold. Thus, the mathematical

development of the SM under no-slip boundary conditions with damping function is cited in

[5] p.78 as an important open problem.
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4.1 MATHEMATICAL PRELIMINARIES

We use the standard notations LP(Q), W*P(Q), H*(Q2) = Wk2(Q) for the Lebesgue and
Sobolev spaces respectively. The inner product in the space L*(2) will be denoted by (-, -)
and its norm by || - || for scalar, vector and tensor quantities. Norms in Sobolev spaces
H*(Q),k > 0, are denoted by || - ||g+ and the usual L? norm is denoted by || - ||,. The
symbols C' and C; for i = 1,2, 3 stand for generic positive constant independent of the v, L

and U. In addition, Vu is the gradient tensor (Vu);; = % fori,j =1,2,3.

Definition 4.1.1. The velocity at a given time ¢ is sought in the space

X(Q) :={ue H(Q) : u(z,y,0) = (0,0,0), u(x,y, L) = (U,0,0)7,
u is L-periodic in = and y direction}.

The test function space is

Xo(9) :={u e H (D) : u(z,y,0) = (0,0,0)7, u(x,y, L) = (0,0,0)7,
u is L-periodic in = and y direction}.

The pressure at time ¢ is sought in

Q) == L3() = {g € ) : [, qdw = 0}.

And the space of divergence-free functions is denoted by

V() ={ueX(Q): (V-uq) =0 VqeQ}.
Definition 4.1.2. (Trilinear from) Define b : X x X x X — R as b(u, v, w) := (u - Vo, w).

Lemma 4.1.1. The nonlinear term b(-, -, -) is continuous on X x X x X (and thus on V-xV xV

as well). Moreover, we have the following skew-symmetry property for b

b(u,v,v) =0 Yue V,veX.

Proof. The proof is standard and the one with zero boundary conditions can be found in

p.114 of Girault and Raviart [27]. O
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Figure 14: The background flow.

4.1.1 Construction of Background Flow

One key step to the upper bound on (egpp(u)) is to construct an appropriate background
flow, ® € X(Q), following Hopf [32] and Doering and Constantin [15]. This is a divergence-
free function extending the boundary condition (4.0.2) to the interior of 2. Moreover, u—® €
Xo(€2) and will be used as a test function in the weak form (4.2.1). The choice of v € (0, 1)
will be determined by the needs of the estimates in (4.2.16) and it will be chosen to be
v =25 (Re)™".

Definition 4.1.3. (The background flow) Define ®(z,vy, 2) := (¢(2),0,0)", where

s 0 if 2 € [0,L — L]
U(z—(L—9L)) ifze€[L—yL L]

¢(z) is sketched in Figure 14. We collect two properties for ® in Lemmas 4.1.2 and 4.1.3.

Lemma 4.1.2. ® satisfies
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2 3 2
a) [|®fl, < U, b) [V, <7, o) ||®|? < ZaL2 d) V|2 < LL.

3
Proof. They all are the immediate consequence of the Definition 4.1.3. We show (c¢) here as

an example.

L L 0 3
||(I)||2 —J2 fo |6(2)|2dz = L? fL—yL ('YUL2)2(Z (L —~L))2dz = %
[l

We will need the well-known dependence of the Poincaré -Friedrichs inequality constant

on the domain. A straightforward argument in the thin domain O, implies Lemma 4.1.3.

Lemma 4.1.3. Let O, = {(x,y,2) € Q: L —~yL < z < L} be the region close to the upper

boundary. Then we have
||U_(I)HL2(OWL) < "YLHV(U_(I)>||L2(07L)- (4.1.1)

Proof. First let v be a C* function on O, that vanishes for z = L. Then component-wise

(1=1,2,3), we have

L
dv;
Ui(xaya Z) = Ui(x7y7L> _/ d_z-(xvy7§)d§

Observing that v;(z, y, L) = 0, squaring both sides, and using the Cauchy-Schwarz inequality,

we get
U; (I’7y72> < fyL <E<x7y7§)) d§
L—~L

Integrating both sides with respect to z gives

/L By )i < (L (W 4,y €24l

—~L L—~L dg

Then integrating with respect to z and y and summing from ¢ = 1 to 3, we obtain

[0l720,,) < VLIV [[720,,)-
This proves the lemma for v € C!. Finally use a density argument and take v =u — ®. O
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4.1.2 The Kinetic Energy

Before proving the main theorem, we prove boundedness of the kinetic energy, 1||ul|?, and
that (espp(u)) is well-defined. The proof of the model (4.0.1) is similar to the NSE case

first presented in Hopf [32]. We need the following proposition first.

Proposition 4.1.4. Let Vv € L?(O,) and 0 < p < oo. If v(z,y, L,t) = 0 then

v
212 .. 9o

=2 o) S —

Proof. Using B. Hardy’s inequality (P.313 of Brezis [8]) when z € [L —~L, L] for fixed 2 and
Y gives

(95 Y, 2) p_0v
[ e < EH@(%% er(r-qr.1))-

Raising both sides to power p, then taking a double integral with respect to  and y for
x,y € [0, L] implies the result,

p P @ p
o, < G 5@, < (E5

oy 2) (w Y, 2)
p—1

p
) ||VUHLT—' O,L)"

]

Lemma 4.1.5. The kinetic energy and the time averages of the energy dissipation of the
solution to (4.0.1) with the boundary conditions (4.0.2) are uniformly bounded in time, i.e.

sup ||u(t)]| < C < oo and sup = v|Vul*4+(cs6)?B(z) | Vul|*dr) dt < C < oco.

te(0,00) te(0,00) |Q|

Proof. The strategy is to subtract off the inhomogeneous boundary conditions (4.0.2). Con-
sider v = u — ®, then v satisfies homogeneous boundary conditions. Substituting u = v + ®

in the equation (4.0.1) yields

v+ v-Vo—vAv+ Vp+o(z )3 + 3¢/ (2)(1,0,0) = V- (B(2)(Cs6)*|V (v + )|V (v+®)) =0,
(4.1.2)
V-v=0.
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with boundary conditions
v(x,y,0,t) =(0,0,0)" and  w(z,y,L,t)=(0,0,0)7, (4.1.3)
and
v(ix+ Ly, z,t) =v(z,y,2,t) and v(x,y+ L, z,t) =v(z,y,2,1). (4.1.4)
Taking the inner product with v = (v, v, v3) and integrating over €2 give

0
Sl F+oIT P [ (62) S0 () do (B()(COPIT (0@ T (0+@), V) =0,
Q
(4.1.5)
Since any integral containing ¢ and ¢’ will be zero outside the strip O, by integrating by

parts we have a

ov B 0, 5, 1 0 9 1 , 9
(), vdr =g /@ g A= | G @@ ds - 3 /O SEP e
_ ]‘ U 2
3L J, I

(4.1.6)

Inserting this identity in (4.1.5) and using the triangle inequality on the last term gives

S+ 29+ 37 [ (s = )42 [ 50 CPITP e .
< 4/(ﬁ(:c)(6’35)2\Vv]2]V@\daz—l—Q/(B(m)(CSé)z]Vv] V|2 da.
Q Q

The rest of analysis requires approximating various terms in the above. Let p = 2 in

Proposition 4.1.4 and the two terms on the LHS of (4.1.7) can be bounded above as

2 / 2 ) 2 / Bl
’}/l 0. | | o, | [ ( ) o, | Z(Z) |

(4.1.8)
< 2U7L/ |Vv|2dx < 20U L||Vo| 2
Oyr
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Similarly
U

— 2|vivs| do < AU~ L||Vol|. (4.1.9)
YL Jo,,

To bound the two terms on the RHS of (4.1.7), use Holder’s inequality and Young’s inequality

g
fgller < ([ fllze llgllee < SIFIE + eqp |l9]|%,. Consider the first term, for p = 2, ¢ = 3 and

€ = 0.6 we have

2
3

=

4 / (B(2)(Co6 Vol [V de < 4(C.0)? ( / B(@)| Vol dz)? ( / B(2)| VD dr)’

< 1.6/96(95)(035)2|Vv|3dx—1—4/Qﬁ(x)(08(5)2|vcl>\3dx.

(4.1.10)

The second term is estimated exactly like the last term for p = 3, ¢ = % and € = 0.6 as

2/9(5(5(])(05(5)2|VU| |VO|*dr < 2(C6)? (/§25($)|V1}\3d$)3 (/Qﬁ(x)|vq>|3 dz)?

g0.4/96(93)(085)2|VU\3619:+2/95(.%)(05(5)2|V<I>\3dx.

(4.1.11)

Inserting these last four estimates into the energy inequality (4.1.7) for v gives
9 2 2 2 3
iVl + @v = 6UAL)[[Vol[F < 6 | f(2)(Ced) Ve[ dx.
Q
Thus, if v is chosen small enough that
1 -1
7 < 5(736) ;

then (2v — 6U~L) becomes positive. Applying the Poincaré-Friedrichs inequality ||v|| <
C||Vvl| gives

0
il + ClllP <6 [ Ba)(C.aPIvap .
Q

Since RHS is uniformly bounded in time, a standard Gronwall’s inequality shows that

aup [lo(t)]] < C < oo,
te(0,00)
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which proves the boundedness of the kinetic energy, %||u||2 From this and standard argu-

ments it follows that

1 /T
CF/0 (| VIV + (@600 Fuf'da) di < € < o,

which means (egpp(u)) is well-defined. O

4.1.3 van Driest Damping

To modify the mixing-length model van Driest proposed [83], with some theoretical support
but mainly as a good fit to data (p.77 of Wilcox [86]), that the mixing length ¢ should be
multiplied by the damping function so that ¢(x) — 0 as © — wall. The van Driest damping
function is

+

fu(z) =1—ear, (4.1.12)

where At = 26 is the van Driest constant and z' is the non-dimensional distance from the
wall (p.76 of Wilcox [86])
t =1~ (4.1.13)

which determines the relative importance of viscous and turbulent phenomena. wu, is the

Ur = 4| l/@ : (4.1.14)
9% |ywall

u, is still unknown, the analysis herein will require a specific value for u,. To this end, it

wall shear velocity given by

can be estimated as follows. Near the wall Vu ~ g—”;, then

Vo ~ \/y Vulgal = </V2(Vu|wall)2 ~ \/V{€Ey), (4.1.15)

wall

where €, is a spatial-average energy dissipation rate near the wall. After assuming a non-zero
fraction occurs in near-wall region [83] and therefore neglecting the effects of viscosity far
from the boundary layer, dissipation occurs mainly in the boundary layers near the bottom

and top walls which both have a volume of L?~. Hence

1

(e) = ZE (L3 Y)(€w) = 27(€w)-
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On the other hand, based on the statistical equilibrium (€) = UTS, therefore

Using v = O(Re™ 1) gives

() ~ ~—. (4.1.16)

U
Uy 2 —. 4.1.17
Hence van Driest damping function is approximated as (Figure 15)
—U(L — 2)
w(z) 21 —exp(————). 4.1.18
ful?) D7) (4.1.18)
Using Taylor series to approximate (4.1.18) in the boundary layer O, , gives
i 1 z z
w(2) ~ ——Re(l— )"+ O(Re (1 — X)), 4.1.19
Fule) = Yo Re(1= DI+ ORI (1= 1), (4119)

n=1

Note that the above approximation (4.1.19) is valid when the reminder Re (1 — %) is less
than 1, and this occurs when L — vL < z < L. Moreover, approximation (4.1.19) suggests
(Re)*(1 — %)* for a > 1 as a damping function only on the top layer. Thus (4.1.20) is an
algebraic approximation to the van Driest damping on the whole symmetric domain (Figure

16, for a = 2).

(Re)*(£)" if z € [0, yL]
Bu(z) =19 1 if 2 € [yL,L —~L] - (4.1.20)
(Re)*(1 — 5)* if z € [L—~L, L]

Remark 4.1.6. 3, plays the role of 5 in (4.0.1).
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fu(2)

Figure 15: van Driest.

Buw(z)

~L L-L L

Figure 16: Algebraic approximation of van Driest.
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4.2 ANALYSIS OF THE SMAGORINSKY WITH DAMPING FUNCTION

Theorem 4.2.1. Suppose ug € L*(Q) and let ' v = 5 Re™! | then for any positive damping

function B(z) € L*(Q), (esmp(u)) satisfies

<5SMD(U>> < [Cl + Cy (055 2R€3l/L ﬁ(Z) dz} U—

)
L L) L
Proof. The weak form of (4.0.1) is obtained by taking the scalar product v € Xy and ¢ € L2

with (4.0.1) and integrating over the space

(ug, v) + v(Vu, Vo) + b(u, u,v) — (p, V - v) + (8(2)(Cs6)?| Vu|Vu, Vu) =0 Vo € X,
(V-u,q)=0 Vg€ L,

(u(z,0) —up(x),v) =0 Vo e X,.
(4.2.1)

Take v = u— ® in (4.2.1). Using the skew-symmetry of b(, -, ) (Lemma 4.1.1) and V- ® =0

gives:

(ug, u — @) + v(Vu, Vu — V) + b(u, u, u — ®) + (8(2)(Cs0)?|Vu|Vu, Vu — VP) = 0,

which is equivalent to the following
1d

d
Sl + VIVl + (0P (5(2) Val Ve, V) = (0, B) + b(u,u, @) + (Vu, VD)

dt
+ (C40)2(B(z) | Vu|Vu, VP).
(4.2.2)

Integrating with respect to time from above equation gives
1 1 T T
S = 1)+ [ 1valar+ [ €05 vl = @), o
0 0

— (u(0),®) + /OT b(u, u, ®)dt + V/OT(VU, V®)dt 4 (C0)? /OT(ﬁ(x)|Vu|Vu, Vo)dt.

(4.2.3)

'In fact y can be k(:Re™!) for any x € (0,1). Without loss of generality, 7 is taken to be 1 Re™* for
simplicity in calculations.
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The proof continues by bounding, term by term, each term on the right-hand side of the
energy equality (4.2.3). Using the Cauchy-Schwarz-Young’s inequality and Lemma 4.1.2, the
first three terms are estimated as follows.

1

() +

U2’7L3
6 .

(u(T), @) < S (D) + 5|2 = (12.4)

(u(0), @) < Jlu(O)[|@] = \/gULgHU(O)H- (4.2.5)

T T T 2
L
y/ (vu,wp)dtgﬁ/ HVUHZJrHVd)Hth:Z/ ivul2de+ 2T (420
0 2 /o 2 Jo 2 v

For the nonlinear term b(-,-,-) in (4.2.3) add and subtract terms and then use skew-

symmetry. This gives

bu,u,®) =b(u — P, u — D, ®) 4+ b(P,u — D, P)
1

1
= Eb(u —Pu—P,)— §b(u — 9,0, u— D) (4.2.7)

1 1
+b(@u = @, P) — Sh(®, D u— D).

To estimate the four terms in (4.2.7), use Lemma 4.1.2, Lemma 4.1.3, the Cauchy-Schwarz-

Young’s inequality. Moreover, apply the fact that b(u,u, ®) is an integration on O, since

supp(®) = O.,1. For the first term in (3.7) we have

b(u—@,u =&, @) <[ z(0,u)llu = P20, V(= P)120,,) < VLUV (u = D)2,

<ALU[Vu = V| < ULY(|[Vul + [Ve[)* < ULy(2[Vul* + 2 Ve|*)

2L
<ULy (2||Vul]* + 2UT) = 2U Ly||Vu|* 4+ 2U° L*.

(4.2.8)

For the second term we have

U
b(u—2,®,u—®) < V| 0,0t = 2lliz0,,) < EVQLQI\V(U = ®)|li2(0,,)

(4.2.9)

2

U UL
< 72L27—L(2||Vu||2 +2 . ) = 2yLU||Vul||* + 2U*L*.
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The third one is estimated as

U27L3
b(®u =@, @) < [ @ Lo (0,) V(1 = @) [ 20, ) [Pl 22(0,1) < U/ IVl +[[Vel)

U27L3 UL, Uy L3 U3L2
< U4/ Vu < Vu
IVl + - ) < Ve IVl + 7

UsL \ USL? UL 1 U3L?
= [—=] [(U~yL)2||Vul]] + < + —UL~||Vul|]?® +
[ ] [(UyL)z||Vul] \/g_( 5 ) 5 Y|Vl 7

V3
1 3 1
= §UL7||VU||2 + (g + E)U?’LQ.

(4.2.10)

And finally the last one satisfies

U2L
o(®, @ u = @) < [0, [VOll0m |t = Pllzo,n) < Uy [ —=7 LIV (= @) 120.0)

1 5 1 g UL .
< U2 L2(||[Vu| + [|[V[) < UPy2 L3 (|| Vul| + ( ; )2)
= U272 L2 ||Vu|| + UBL? = [U? L] [(ULW)%HVuH] 4+ UBLA

1

3
<5 ULfyHVuHQ + §U3L2.

(UPL?) + 2UL7HVu|]2 + U2 = 5

(4.2.11)

Using (4.2.8), (4.2.9), (4.2.10) and (4.2.11) in (4.2.7) gives the final estimation for the non-

linear term as below.

5 19
b(u, u, ®)| < §UL7||Vu||2 + FU?’L? (4.2.12)

Finally the last term on the RHS of (4.2.3) can be estimated as the follows. Using

Holder’s inequality and Young’s inequality for p = = and q = 3 gives

|(8(2)| V|V, V)| < / 18(2)||Vul?| VO |dz
_ / (B3 (Vul?) (16} |V)dz
37,15 37.1% 2 3 1 3
< ([ pivapant ([ srvepant < 3 [ sivupac 5 [ v

(4.2.13)
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Inserting (4.2.4), (4.2.5), (4.2.6), (4.2.12) and (4.2.13) in (4.2.3) implies

S = O +v [ 19ulPi+ a7 [ ([ s@Ivaldnar < G

U2 LS 5 T 19 r
M +\/§UL%||u<o>||+-Um / ||Vu||2dt+—U3L2T+g | 1varar

6
U2L
+5 (c 5) / /ﬁ |Vu|3dx)dt+ (C.9) / /5 VD[P dr)dt.
(4.2.14)

Since the kinetic energy is bounded (Lemma 4.1.5), the above inequality becomes
L5 ’ 3 2 2 73
(5 — 57LU) v||Vul|?dt 4+ = (05 6 )| Vul?dx)dt < —||u( )|+ U ~vL

0

+ \ﬁUL3||u(0)|| + —9U3L2T + 2Lt + —(055)2/ (/ B(x)| V| dz)dt
3 6 2y 3 o Ja

(4.2.15)

Finally dividing both sides of (4.2.15) by T" and |Q| = L? and taking the limit superior leads

to

1 5+LU 1 19 U3 vU? 11 3
S oI < S d 4.2.1
n T GHesun(0) < G+ 5 77+ 3G [ B@)IVepdr. (4210

The above inequality leads to the last step when C} and Cy are positive and independent of
viscosity, diam(€2) and lid velocity. Take v = 5711736_1, then (3 — %'yLU ) becomes positive
and therefore

U 3 3

Because the background flow ® vanishes on (2\O, ), we have

U L L L U3
ddr = (—)? z)drdydz = —— dz. 2.
[srvapas = [T [7 7 stespannis = 5 7 st a2y

Inserting (4.2.18) in (4.2.17) proves Theorem 4.2.1. O
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4.2.1 Evaluation of Damping Functions

Theorem 4.2.1 is the starting point for the evaluation of damping functions. It is next applied
to two damping functions in Corollaries 4.2.2 and 4.2.4 and the results will be compared.

Corollary 4.2.2. For the algebraic approximation of the van Driest damping function, £, (z)

in (4.1.20), we have

1 Gy U?
< N2 R I

<5SMD(U)> < [Cl + Oy a0l ( 7 ) Re ] 7

Proof. The result is a direct calculation by applying 3,(z) in (4.1.20) to the Theorem 4.2.1.

O

The upper bound in Corollary 4.2.2 is a function of the global velocity U, domain di-
ameter L, the eddy size J, and surprisingly, the Reynolds number. Moreover, it blows up as
Re — oo. Due to this fact one can propose the following modification to ,(z). Consider
Ba(z) € CH(Q) in (4.2.19) which is based on a connection of the algebraic damping near the

wall smoothly to the no damping in the interior by Hermite interpolation. It is given by

[ Gra-ze if 2 € [0,7L]
ar(z —yL)? +bi(z —vL)* + c1(z —yL) + dy if z € [yL,2vL]
Ba(z) =4 1 if z€ 2yL, L —2yL]
ag(z +2yL — L)® + ba(z +29yL — L)* + 1 if z € [L—2yL, L — L]
| (21— 2)e itz e [L—~L,I)

(4.2.19)

where o > 0 and aq, as, b1, ba, ¢; and d; are constant such that

,.ya—?;(l - 7)047
Y21 =),

o a1 =5+ 5 (1) (1 -29) + &
o bi=5p — par* (1) (1 -2y) - 5
o o =1ay* (1 =) (1= 29),

o di =7*(1-7)%,

® dg = —ay,

® by =~ + 1z (1= )N (1 = 29) + 5L - )
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B(gz)

101 Buw(z)

L
T T
oL 9L

Figure 17: Proposed damping function (3.19).
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Remark 4.2.3. All the constants above are calculated such that $4(2) € C'. 4, which plays
the role of in (4.0.1), is sketched in Figure 5 and compared to f3,,. They both are symmetric,
bounded and vanish at z = 0 and z = L. Moreover, they are almost 1 on the whole domain

except on the thin boundary layers.

Corollary 4.2.4. Suppose ug € L*(Q) and 34 given by (4.2.19) with 2 < a € N. Then, for

any Re > 1 we have

055)2} U
L’

(esmp(u)) < [C1 4 Cof

Proof. Considering (3, is symmetric on the whole domain implies

/ " Bz = / Y- Dy

_,YL

Now applying the Binomial Theorem on (1 — #)* and then taking the integral gives

L
1 1 1 ala—1
/ Ba(z)dz = Ly ( - ay + Lol
LrL atl a+2 " a+3 2 (4.2.20)
o (C1) ey g ()
20" 2a+1'

After dropping negative terms, since y = 75 (Re) ™' < 1 the RHS of (4.2.20) can be bounded

above by a constant, C\,, which depends on «. Therefore

L
/ Ba(z)dz < CoLy*T, (4.2.21)
L

—~L
Using v = 27 (Re)~! and inserting the above in the Theorem 4.2.1 imply

Csdp, 1 4 0o U?

(esmp(u)) < [Ch+ Cs(

Use the assumptions a > 2 and v = %(Re)_l < 1 imply v*2 < 1 and now the corollary is

proved.
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Corollary 4.2.4 is in accordance with the Kolmogorov theory of turbulence. It establishes
that the combination of SM with damping function 54(z) given by (4.2.19) does not over
dissipate, and the energy input rate UTJ is balanced by (egarp(u)). This estimate is consistent
with the rate proven for the NSE in [15] and [17]; it is also dimensionally consistent.

The assumption « > 2 is a significant one in the analysis. When o = 1 we obtain the

following corollary.
Corollary 4.2.5. Suppose a = 1 in Corollary 4.2.4, then

3
)’ Re] UT

Cs0
L

(esmp(u)) < [Ch + Csf

Proof. The proof follows that of « > 2 in the Corollary 4.2.4 except the inequality (4.2.21)

is modified to

/LL Bu(2)dz < C'L(Re)™?,

for a = 1. O

4.3 CONCLUSION

The key parameter is a = the order of contact of the damping function at the wall. Com-
paring (esap(u)) ~ UTs for a > 2 in Corollary 4.2.4 with (egap(u)) 2 [C +Co(5:2)? Re] %3
for a = 1 in Corollary 4.2.5 suggests that the model over dissipates flows for « = 1. If the
upper bounds are sharp (an open problem), the accurate simulation would need o > 2. The
next logical step is to study (esap(u)) after discretization by fixed mesh h and extend the

results in this paper, especially when the mesh does not resolve the boundary layers.
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5.0 A DISCRETE HOPF INTERPOLANT AND STABILITY OF THE
FINITE ELEMENT METHOD FOR NATURAL CONVECTION

Natural convection of a fluid driven by heating a side wall or the bottom wall is a classic
problem in fluid mechanics that is still of technological and scientific importance [11]. The
temperature in this problem is uniformly bounded in time (||7°(¢)|| < C' < o0) under mild
data assumptions. However, when this often analyzed problem is approximated by standard
FEM, all available stability bounds, e.g. [78,79,87], for the temperature exhibit exponential
growth in time unless the heat transfer through the solid container is included in the model,
e.g. [6]. Moreover, even in the stationary case, stability estimates can yield extremely
restrictive mesh conditions (h = O(Ra=30/(6-9)) e.g. [12].

In this chapter we prove that, without the aforementioned restrictions, the temperature
approximation is bounded sub-linearly in terms of the simulation time t* provided that the
first mesh line in the finite element mesh is within O(Ra™!) of the heated wall; that is,
|77l < Cv/t* [19]. In practice, numerical simulations are carried out on a graded mesh
[11,36,52,55] due to the interaction between the boundary layer, which is O(Ra~'/*) in the
laminar regime [26], and the core flow. In particular, several mesh points are placed within
the boundary layer, which encompasses the internal core flow. Although our condition is
more restrictive, this may be due to a gap in the analysis and, nonetheless, it is indicative
of the value of graded meshes for stability as well as accuracy.

Consider natural convection within an enclosed cavity. Let Q C R? (d=2,3) be a convex
polyhedral domain with boundary 0€2. Here n denotes the usual outward normal, £ = g/|¢]|
denotes the unit vector in the direction of gravity, Pr is the Prandtl number, and Ra is the
Rayleigh number. Further, f and v are the body force and heat source, respectively. The
boundary is partitioned such that 9Q = I'; UT, with Iy NIy = () and [Ty UT x| = [T > 0.
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Given u(z,0) = u°(x) and T'(z,0) = T°(x), let u(x,t) : Qx (0,t*] = R, p(x,t) : Qx (0,t*] —
R, and T'(z,t) : Q2 x (0,t*] — R satisfy

ur+u-Vu—PrAu+Vp=PrRaT+ f inQ, (5.0.1)

V-u=0 inQ, (5.0.2)

Ti+u-VT — AT =+ in Q, (5.0.3)

u=0o0ndY, T=1only, T=0onTy, n-VIT =0 onls. (5.0.4)

In Sections 5.1 and 5.2, we collect necessary mathematical tools and present common
numerical schemes. In Section 5.3, the major results are proven. In particular, it is shown
that provided the first mesh line in the finite element mesh is within O(Ra™') of the heated
wall, then the computed velocity, pressure, and temperature are stable allowing for sub-linear

growth in ¢* (Theorems 5.3.1 and 5.3.2). Conclusions are presented in Section 5.4.

5.1 MATHEMATICAL PRELIMINARIES

The L*(Q) inner product is (-,-) and the induced norm is || - ||. Moreover, for any subset
Q # O C R* we define the L? inner product (-, -)r2(0) and norm || ||z2(0. Define the Hilbert

spaces,

X:=Hy)'={ve H Q)" v=00n 00}, Q :=LiN) ={qec L*(Q): / qdr = 0},

Wr, ={SeH(Q):S=00nT}, W:=H'(Q),V:={veX:(¢,V-v)=0Vq € Q}.
The explicitly skew-symmetric trilinear forms are denoted:

1 1
b(u,v,w) = =(u-Vov,w) — =(u-Vw,v) Yu,v,w e X,
2 2

1 1
b*(u,T,S) = E(u -VT,S) — é(u VS, T) Yue X, T,SeW.
They enjoy the following useful properties.
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Lemma 5.1.1. There are constants C'; and C5 such that for all u,v,w € X and T,5 € W,
b(u,v,w) and b*(u, T, S) satisfy
1
b(u,v,w) = (u-Vo,w) + 5((V Su)v,w),
1
b*(u, T,5) = (u-VT,S) + 5((V ~u)T, 9),

b(u, v, w) < Cil|Vull[[Vol[[[ Vel
b*(u, T, 5) < Co Vull [ VTV S]]

Proof. See Lemma 18 p. 123 of [47]. O

5.1.1 Finite Element Preliminaries

Consider a regular mesh €, = {K} of 2 with maximum triangle diameter length h. Let
X, CX,QnCQ, W, CW,and Wr, , C Wr, be conforming finite element spaces consisting
of continuous piecewise polynomials of degrees j, [, j, and j, respectively. Furthermore, we
consider those spaces for which the discrete inf-sup condition is satisfied,

. (qn, V - vp)
inf sup 2> g5, 5.1.1
an€Qn vpeXy, || qnlll| Vonl| o4

where [ is independent of h. The space of discretely divergence free functions is defined by
Vi i={vn € Xi 1 (qn, V - vn) = 0,Yq, € Qn}

and accompanying dual norm

Jw|v: = sup M
v €VR ||VUh||

The continuous time, finite element in space weak formulation of the system (5.0.1) - (5.0.4)

is: Find uy, : [0,t*] = Xy, pp 2 [0,%] = Qp, T : [0,t*] — W), for a.e. t € (0,t*] satisfying:

(Wt vp) + b(up, up, vi) + Pr(Vup, Vop) — (pn, V - v,) = PrRa(yTh, v,) + (f,vn) Yo, € X,

(5.1.2)
(gn, V - up) =0 Vg, € Qp, (5.1.3)
(Thts Sn) + 6" (un, Th, Sp) + (VTh, VISy) = (7, Sh) VSn € Wi, (5.1.4)
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5.1.2 Construction of the Discrete Hopf Extension

The mesh condition h = O(Ra=3"6-9) from [12] arises from the use of the Scott-Zhang
interpolant of degree j. To improve upon this condition, we develop a special interpolant for
the upcoming analysis. We construct it as follows:

Step one: Consider those mesh elements K such that K NIy # (). Enumerate these

mesh elements from 1 to [’

Step two: V1 <1 < U, let {¢!}%1 be the usual piecewise linear hat functions with
supp ¢, C K; .

Step three: Fix [, select those ¢! such that ¢! (z) =1 for z € K; NT}.

Step four: Define 1); such that {y}/_, = {452;}1]2/11;1

Step five: Define 7 = Zzlzl Tipt where —00 < Topin < T < Thaw < 00 are arbitrary
constants.

Then,

Theorem 5.1.2. Suppose T : Ty — R is a piecewise linear function defined on I'y. The

discrete Hopf extension 7 : {2 — R satisfies

T(z) = T on |

m(z) =00n Q- U_ K,

Moreover, let § = max;<;<p h;. Then, the following estimate holds: Ve > 0, V(x1, x2) €
(Xn, Wh)

b0 @)l < GO (9l + e Vxal?). (5.1.5)

Proof. The properties are a consequence of the construction. For the estimate (5.1.5), it
suffices to consider |b*(x1, T)", x2)| where T% = T'(z;) is the corresponding nodal value of T".
For each 1" there is a corresponding mesh element K; such that supp ¢ C K. Let K C R¢
be the reference element and Fl, : K — K the associated affine transformation given by
r = Fg,& = B, @ + bg,. We will utilize the operator norm || - ||, and the Euclidean norm

| - |2 below.
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Figure 18: The discrete Hopf interpolant on one mesh element.

Consider $|(x1 - VT, x2)|, the estimate for Sl - Va2, T?)")| follows analogously.

Transform to the reference element, use standard FEM estimates, the Cauchy-Schwarz in-

equality, and equivalence of norms. Then,

1 ~ T |det(B R A A
5100 VI )| ZMM X1+ B Vbiyadi| (5.1.6)
K
T'||det(B _ A A La | e
< BNy s [ abiali
K

< Ch?_lHXAlHLz(k)HXEHLQ(K)

< CH IV o) I VX2 2

Consider ||V xs| Lok and Ihsal ro(i)- 1ransforming back to the mesh element and using
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standard FEM estimates yields

|W>€2Hig(fg) = |det(B, )| /K B VX2 - Bi; Vxadx (5.1.7)
1

< |det(BEOIIBE 12,119 Xzl 2o,
< Chi™ IV xalliaw)
< Ch™|Vxall?,

IVXL oy < OBV XA (5.1.8)
Use (5.1.7) and (5.1.8) in (5.1.6) and Young’s inequality. This yields

1 o~

S10a - VI x| < Chu(elVall? + €7 Val?).

Summing from i = 1 to 7 = ¢’ and taking the maximum h; yields the result. O

Remark: If we allow the interpolant to be constructed with the basis elements of W},, we
can reconstruct any function v, € W), exactly on the boundary I'; with the same properties.

Remark: For square and cubic domains we can define such an interpolant explicitly, e.g.,

L(l—za) 1-6<u,<1,
\

where « is in the direction orthogonal to the differentially heated walls or in the direction
of gravity for the differentially heated vertical wall problem and Rayleigh-Bénard problem,
respectively. This function was introduced first by Hopf [32] and has been useful in estimating

the energy dissipation rates for shear-driven flows and convection [16].
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5.2 NUMERICAL SCHEMES

In this section, we consider the following popular temporal discretizations: BDF1, linearly
implicit BDF1, BDF2, and linearly implicit BDF2; see [3, 37] regarding linearly implicit
variants. Let n(x) = a_1x"" + agx™. Denote the fully discrete solutions by u?, pf, and T}"
at time levels t" = nAt, n = 0,1,..., N, and t* = NAt. Given (u},T}') € (Xn, Wp), find
(up ™t pitt TR € (X, Qn, Wh) satisfying, for every n = 0,1,..., N — 1, the fully discrete
approximation of the system (5.0.1) - (5.0.4) is
BDF1 and linearly implicit BDF1:

it —

(T o)+ b(n(un), uy ™, o) + Pr(Vuy™, Vo)

- (PZH: A Uh) = PTR@(fU(Th)avh) - (an,Uh) Yoy, € X, (5-2-1)

(V-upt gn) =0 VY, € Qn, (5.2.2)

(W, Sp) + 0 (n(up), TP, Sp) + (VIR VS, = (4", SL) VS, € Wiry, (5.2.3)
where BDF1 is given by a_1 = ap + 1 = 1 and linearly implicit BDF1 by a_; + 1 =
ap = 1. Moreover, given (u}~ ', 77 ") and (u}, T7) € (Xu, Qn, Wy), find (uj™ pptt T
€ (Xn, Qn, W) satistying, for every n = 1,2,..., N — 1, the fully discrete approximation of
the system (5.0.1) - (5.0.4) is

BDF2 and linearly implicit BDF2:

(3UZ+1 — 4l +up !
2At

7vh> + b(n(uh)a u2+17 Uh) + PT’(VUZ+1, Vvh) - (pZJrla V : Uh)

= P?"RCL(f?](T}J,U}J + (f”“,vh) Yo, € Xy, (524)

(V-up™, qn) =0 Yagu € Qn, (5.2.5)

3T —ATr + T

( SAL L) 4+ 0 (n(uy), T, Sp) + (VIR VS,) = (1, Sh) VS, € War,,

(5.2.6)

where BDF2 is given by a_; = ap+1 = 1 and linearly implicit BDF2 by 1—a_1 = ay = —1.
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5.3 NUMERICAL ANALYSIS

We present stability results for the aforementioned algorithms provided the first meshline in

the finite element mesh is within O(Ra™!) of the heated wall.

5.3.1 Stability Analysis

Theorem 5.3.1. Consider BDF1 or linearly implicit BDF1. Suppose f € L(0,t*; H~(Q)4),
and v € L*(0,t*; H1(Q)). If 6 = O(Ra™!), then there exist C' > 0, independent of ¢*, such
that

BDF1:
1 N—-1 N—1 At N—1
I 1P+ DT = TP+ D ™ =il + = D VTP
n=0 n=0 =0
PrAt v
n+112 *

linearly implicit BDF1:

1 Nl N-1 A V=L
SITXIP -+ N 1P+ DT = TP+ 3 ™ = g+ - 3 IVE P
n=0 n=0 =0

Prat < " PrAt .
£ Ut v+ S < o

Further,

N—-1
BALY || < CVE.
n=0

Proof. Our strategy is to first estimate the temperature approximation in terms of the ve-
locity approximation and data. We then bound the velocity approximation in terms of data
yielding stability of both approximations. Denote §;"' = T — 7. Consider BDF1. Let

Sp = 07 € Wr,, in equation (5.2.3) and use the polarization identity. Multiply by At
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on both sides, rewrite all quantities in terms of 0%, k = n, n + 1, and rearrange. Since

(V7, V1) = 0 we have,

1 n n n n n * n n
LI = 10312 + 10+ = 0317} + AIVO 2 = = At (™, 657 + 7, 61) (5.3.1)

—|—At(’}/n+1, 02+1>'
Consider —Atb*(uj, et GZH + 7, QZH). Use skew-symmetry and apply Lemma 5.1.1,

AWt O 7 00 = — At 7, 00 < CAES (7Yt + e[ VOrT?).
(5.3.2)

Use Cauchy-Schwarz-Young’s on At(y"1 6711,

At(’y"+1,92+1) < = At H n+1||2 At€2

< 5% —= Vo, (5.3.3)

Using (5.3.2) and (5.3.3) in (5.3.1) leads to

1 n n n n n n
SN2 — 1012 + 10+ = 0712} + AIVOE < CAts (Ve ™ 2+ ea|[ VO 1)

At n Atﬁg n
+ 2—||7 2+ 252 w2,
€9
Let €, = ﬁ and e; = 1/2. Regrouping terms leads to
1
S{IGFIE = 1312 + 1165+ = ezu?} 20002 < 202 AL 62 [Tup P + Ay,

Sum from n = 0 ton = N —1 and put all data on the right hand side. This yields bounds on

the temperature approximation in terms of the velocity approximation and data as follows,

N-1 N-1
1 1
SIENIP + 5 D6 = el + Z||ve“+l||2<2c%t52 I CED
n=0
N-1 1
+AEY IR, + 5 1682
n=0
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Next, let v, = uy '€V, in (5.2.1) and use the polarization identity. Multiply by At on

both sides and rearrange terms. Then,

1 n n n n n
S{IG I = il + gt = w2+ Pra| Va2 = AtPrRa(€(0 + 1), u*)
(5.3.5)

+At(fn+1 n+1).

Use the Cauchy-Schwarz-Young’s and Poincaré-Friedrichs inequalities on AtPrRa(¢(0) +

7),uf ™) and At(fH up), in addition note that [|€]|p~ = 1,

AtPr?Ra*C%,.,C? At
AtPrRa(¢0; " upt!) < IV €3||v PR (5.3.6)
3
At At
AtPrRa(ér,ul) < 2—Pr2Ra2H 12, + 64\|v ntl)2, (5.3.7)
n+l , n+tl n+12 AtEB n41(2
AL up™) < 2—65||f 1%+ ——= Va7 (5.3.8)
Using (5.3.6), (5.3.7), and (5.3.8) in (5.3.5) leads to
1 L § AtPr?Ra*Clp Copy
S = gl + ™ = w2+ Prose| V| < e A

AtPr?Ra?
+ -

At At _
%, 7)1, + 2—E5||f T2+ (3 +€ea+€5) 7||Vuh+1||2-

Let €3 = €4 = 4e5 = Pr/2. Then,

PrAt

]' n n n n
S 2 = N2 + ™ = il + = IV | < AtPrRA*Chp, Chpy | VO

+ AtPrRa®||7||%, + P—r||fn+1||2_1-

Summing from n = 0 to n = N — 1 and putting all data on r.h.s. yields

N-1

n PrAt " "
—||Uh 1>+ Z Jup ™ — up)l* + Z IVup || < AtPrRa*Chp Chpg Z IV

At ¢

n 1
T hr Z (Preralr|2, + F 12, ) + Slunl®. (5.3.9)

n=0
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Now, from equation (5.3.4), we have

N-1 N—1
AtPrRa*Chp Chpy > VOTY* < 8C°Chp ChpyPrRa® 6° ALY |Vt |?
n=0 n=0
N-1

+ 4P7’R@20123F,10123F,2At Z H’YnHH2—1 + QPTRCLQCI%FJCI%FQHe?xHQ'

n=0
Using the above in (5.3.9) with § = m Ra™! leads to
PrA —
—|| up ||* + Z ™ = whll* + Z up

=0

N-1
< 4PTR@2012>F,1012>F,2At Z ‘|7n+1|’31 + 2PTR@2CJQDF,1CJQDF,2“92“2

n=0
At =

n 1
+ 50 ST (PRI, + 12 ) + S,

n=0

(5.3.10)

(5.3.11)

Thus, the velocity approximation is bounded above by data and therefore the tempera-

ture approximation as well; that is, both the velocity and temperature approximations are

stable. Adding (5.3.4) and (5.3.11), multiplying by 2, and using the identity 7" = 0} + 7

together with the triangle inequality yields the result.

Next, consider linearly implicit BDF1. We apply similar techniques as in the above.

This leads to

N—-1
1 1 n n n
§||6iVH2 t3 Z 107 — G317 + — Z Vo, H)* <
N—l_ N—-1 1
ACPALS Y Vgl + At Y 2 + 5\!92\!2,
n=0 n=0
and
Pm e PrAt
—Huh I” + Z lup ™t =g l|* + Z [V ™|+ [V |
=0
N-1
< 4PrRa2C’12_-,F71C’]2_-,F72At Z "2+ 2PTR@2CJQDF,1CJQDF,2“92“2
n=0
At = . 1 PrAt
o3 (P2 1742 ) + S 2+ === Vgl
n=0
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The result follows. We now prove stability of the pressure approximation. Consider (5.2.1),

ntl_yn .
isolate (“—=,vp,), let 0 # vy, € Vj,, and multiply by At. Then,

utt™t —ul vy) = — Atb(n(up), ur, — AtPr(Vu™, Vo
(u, hs Un) (n(un), up™", vn) (Vuy, ) (53.14)
+ AtPrRa(En(Ty), vp) + At(f" ).

Applying Lemma 5.1.2 to the skew-symmetric trilinear term and the Cauchy-Schwarz and

Poincaré-Friedrichs inequalities to the remaining terms yields

| = Atb(r(un), 6, o)) < Cr AL [V [l (5:3.15)
| — AtPr(Vul™, V)| < PrAt|Va ||| Vo, (5.3.16)
|AtPrRa(én(1h), vi)| < PrRaCpriAt||n(Th) |Vl (5.3.17)

(AL )| < AL V]l (5.3.18)

Apply the above estimates in (5.3.14), divide by the common factor ||Vuy|| on both sides,

and take the supremum over all 0 # v, € V},. Then,

™ = upllve < LAV [IVuy |+ Prat| Vg (5.3.19)
+ PrRaCpri At|n(Th)|| + At] f -1

Reconsider equations (5.2.1). Multiply by At and isolate the pressure term,
At(ph ™V -vn) = (up™ = g, on) + Atd(n(up), up T o) + PrAat(Vup, Vo) (5.3.20)

— PrRaAt(En(Ty), vn) — At(f" o).

Apply (5.3.15), (5.3.16), (5.3.17), and (5.3.18) on the r.h.s terms. Then,
At(ppt, Vo) < (= o) + (LAt V() [V ™| + Prat| V|

(5.3.21)

+ PrRaCppy At||n(Th)|| + Atllf”“ll—l) IVon]|.

Divide by [|Vuy|| and note that (nv% < Jlup*t — ||y Take the supremum over all
0 # Vp € X]“
n+1 \V4
At sup P Vo) 2(CLt| V() [V + Prat]|Vug|
0Av,€Xp, va H

(5.3.22)
+ PrRaCprpa At|n(T) | + ALl ).
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Use the inf-sup condition (5.1.1),

BAL|pp | < 2(01At||Vn(uh)||||VUZ“I| + Prat| V™|
(5.3.23)

+ PrRaCpra Atln(Th) | + Atl £+ ).

Summing from n = 0 to n = N — 1 yields stability of the pressure approximation, built on

the stability of the temperature and velocity approximations. O

Theorem 5.3.2. Consider BDF2 or linearly implicit BDF2. Suppose f € L%(0, 00; H~1(Q)%),
and v € L*(0,00; HY(Q)). If § = O(Ra™1'), then there exists C' > 0, independent of ¢*, such

that
BDF2:
1 1 N—1
SITN I+ S 12T = TP+ g |+ 126 — w12+ Y NI = 23+ T3P
n=1

iy At 2 PrAt 2
£ 3 It = 2up R S S IV 3 VP < o
n=1

n=1 n=1
linearly implicit BDF2:

N-1
1 1
ST I+ S 12T = TP+ g |+ 126 — ™2+ Y ITH =205+ T3P

n=1
N-1 N-1 N-1
n o At . PrAt N
T 1 e L W\l R S el
n=1 n=1 n=1
PrAt
2

(v |12 + [ vuy 1 12) < cr

Further,
N-1
BAEY |l < CVE
n=0
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Proof. We follow the general strategy in Theorem 5.3.1. Consider linearly implicit BDF2
first. Let S, = 077" € Wr, ;, in equation (5.2.6) and use the polarization identity. Multiply

by At on both sides, rewrite all quantities in terms of 8%, k = n, n+1, and rearrange. Then,

1 n n n 1 n n n— 1 n n n—
UG 112605 = 0317 p — L IORIP + 11205 — 657 11" + < llon ™ — 2605 + 0571
4 4 4

ALV = A (2u) — up T 00 + Aty 0. (5.3.24)

Consider —Ath* (2ull —u} ™', 7,07 = —2Ab* (ult, 7, 071 + Atv* (u) ™!, 7,07, Use Lemma
5.3.2, then

A (T, 00 < CéAt(élengVuZHQ + eﬁuvean?), (5.3.25)

At (Y 7,00 < C5 At <e;1||vu;;—1||2 + e7||v9g+1||2). (5.3.26)

Use above estimates and (5.3.3) in equation (5.3.24). Let ¢ = €7 = 155 and e; = 1/4. This

leads to

1 n n n 1 n n n— 1 n n n—
UG+ 0120570 = 0017 b = < ORI+ 11205 — 6571 ¢ + 1657 — 2605 + 0572
4 4 4

At
+ZWWWWFSMU%MWV%W+4ﬁAMWV%*W+ZMM“WL'@3W)

Sum from n =1 ton = N — 1 and put all data on the right hand side. This yields

1 1 1Nt Ap V-1
IO+ 26 = O 3 DT N = 208 6+ S DT IV
n=1 n=1
N-l N-1 N-1
S16C°ALS” ) [IVuplP” +4C°At8* 3 [V |+ 286 3 |11,
n=1 n=1 n=1

1 1
+ 1”92”2 + 1”9’11 — 0912, (5.3.28)

Now, let v, = uzﬂ € V}, in (5.2.4) and use the polarization identity. Multiply by At on

both sides and rearrange terms. Then,

1 n n n 1 n n n— 1 n n n—
T 2 4 20 = w2} = 3 Ll + 12 — w2+ = 2+

+ PrAt|Vult)? = AtPrRa(E(20) — 077 + 1), up ™) + At(f7 uf ). (5.3.29)
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Use the Cauchy-Schwarz-Young’s and Poincaré-Friedrichs inequalities on AtPrRa(£(20} —
en 1 + 7_) n—i—l)’

4AtPr*Ra?C% . C? At

2AtPT’R(I(§¢9h7 n+1) S 268 PF|1 PF,QHVQZHQ ESHV n+1||2 (5330)
AtPr?Ra?C%,, ,C? At

_AtPTRa(&gn 1 n—l—l) < 269PF,l PF,2||V02—1||2 €9||v n+1||2 (5331)

Using (5.3.7), (5.3.8), (5.3.30), and (5.3.31) in (5.3.29) leads to

1 n n n 1 n n n— n n n—
U 2t =2} = e 4 2 ) g - 20

2AtPr2Ra*C%,.,C? AtPr2Ra202 C?
+PTAt||VU +1||2 PF,l PF,2||V0;:LL||2+ 26 PF,l PF,2||V0;;_1||2
9
At At
o T+ 3 ||f”“||2 + 5 (ea+ 65+ e + o) [V T,
Let 2¢4 = 2e5 = €g = €9 = Pr/2. Then,
1 n+1(2 n+1 ni2 1 ni|2 n n—1(12 n+1 n n—1(2
U 2t =) = L 02— e ) - 20
PTAt n+1y)2 2 n2 25 2 n—12
+ |Vup ™| < 4AtPrRa C’PFlCPFQHV@ II© + AtPr<Ra C’PFlCPFgHVG I
oAt i
+ 222, + 220 e,

Summing from n =1 to n = N — 1 and putting all data on r.h.s. yields

LI P+ 2 — P Enunﬂ—zuzwz—wf
PrAt i i,
T+ D IVt < ALPrRA*CE Chpe > (419652 + V6, 72)
n=1 n=1
2At

) n 1 1
(2, + 1712 ) + g lhab 2 + 71120k — bl (5.3.32)

Pr

Now, from equation (5.3.28), we have

N-1

AtPrRa2CI23F,1CI%F,2 Z ||V‘9Z+1||2
n=1

N-—1
< 64C% Oy ChpyPrR> P ALY (||vu;§||2 + ||w,;—1||2> (5.3.33)
n=0
N-1

+ 8PIRO*Cp ChrgAt 3 |72, + PrRa*Cp, Copy (1164 + 1120} — 6711,

n=1
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Add and subtract £Z81 | Vuy|| and Fral VRt in (5.3.32) and use the above

estimate with 6 = 16\/500113“0,3” Ra™!. Then,
N-1

1 1 " o PrAt n PrAt

Z I P 20 = =P+ Z o 2 P S T 9|

PTAt N-1 22 n+11|2 2,2 1112 1 0112
+ V)| < 8PrRa*Cp, C mAtZ Iy 2+ PrRa*C p, C (1011121264 ~681)

2AL T ., 1 1 PrAt PTAL‘
+ > (Il + 12 ) + 2+ 71120k — Il + = Vbl + =V

n=0
(5.3.34)

The result follows. Applying similar techniques as in the above and Theorem 5.3.1 yields
the result for BDF2. Pressure stability follows by similar arguments in Theorem 5.3.1. [

5.4 CONCLUSION

The coupling terms b*(n(up), T, Sy) and PrRa(én(T),v,) that arise in stability analyses
of FEM discretizations of natural convection problems with sidewall heating are the major
source of difficulty. The former term forces the stability of the temperature approximation
to be dependent on the velocity approximation and vice versa for the latter term. Standard
techniques fail to overcome this imposition, in the absence of a discrete Gronwall inequality.

The authors introduced a new discrete Hopf interpolant that was able to overcome this
issue. Fully discrete stability estimates were proven which improve upon previous estimates.
In particular, it was shown that provided that the first mesh line in the finite element mesh
is within O(Ra™!) of the nonhomogeneous Dirichlet boundary, the velocity, pressure and
temperature approximations are stable allowing for sub-linear growth in ¢*.

A uniform in time stability estimate was not able to be achieved due to the term
PrRa(&T,vy), which arises when an interpolant of the boundary is introduced. The au-
thors conjecture that the results proven herein may be improved, owing to a gap in the

analysis. Open problems include: Is it possible to improve the current results with a
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less restrictive mesh condition? Moreover, can these results be improved to uniform in time
stability? An important next step would be reanalyzing stability for natural convection

problems, with sidewall heating, where a turbulence model is incorporated.
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6.0 CONCLUSIONS AND FUTURE WORK

In turbulence, dissipation occurs non-negligibly only at very small scales, smaller than a
typical mesh [67]. Turbulence models are introduced to account for sub-mesh scale effects,
when solving fluid flow problems numerically [47]. One key in getting a good approximation
for a turbulence model is to correctly calibrate the energy dissipation in the model on an
under-resolved mesh [46]. The energy dissipation rate is a fundamental quantity in the theory
of turbulence ([76], [67], [49], and [20]), which is employed as the benchmark to investigate
the accuracy of a turbulence model (e.g. [58] and [35]). In this thesis, we presented the
analysis and numerical analysis of the energy dissipation rate of a turbulence model. In
this direction, this research is the first connection between computational experience and
mathematical analysis.

Analytic estimates of the energy dissipation rates of a few turbulence models have re-
cently appeared (e.g. [15]. [16], [17], [46] and [45]), but none (yet) study energy dissipation
restricted to resolved scales, i.e. after spatial discretization with h > Kolmogorov micro-
scale. Since turbulence models are considered to model the energy lost from resolved to
under-resolved scales h, the practical question is: What is the energy dissipation rate associ-
ated with the coarse mesh size h. In this direction in Chapter 3, upper bounds are derived on
the computed time-averaged energy dissipation rate, for an under-resolved mesh for turbu-
lent shear flow. The Smagorinsky model is used as the turbulence model. The upper bound
is independent of the viscosity at the high Reynolds number (as Re — o), in accord with
the Statistical Equilibrium Law. The analysis indicates that the turbulent boundary layer
is a more important length scale for shear flow than the Kolmogorov microscale. Moreover,
this estimate suggests over-dissipation for any model’s artificial parameters, consistent with

numerical evidence on the effects of model viscosity. Therefore the next natural question is:
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How to fix the over-dissipation of the model? This question was answered in Chapter 4.

Experience with the Smagorinsky model indicates it over dissipates [71]. This extra
dissipation laminarizes the numerical approximation of a turbulent flow and prevents the
transition to turbulence [47]. Motivated from Chapter 3 and comparing results in [46] and
[45] suggests that the model over-dissipation is due to the action of the model viscosity in
boundary layers rather than in interior small scales generated by the turbulent cascade. To
reduce the effect of model viscosity in the boundary layers damping functions 5(z), which
go to zero at the walls, are often used (Pope [67]). In this case most of the tools of analysis,
such as Korn’s inequality, the Poincaré-Friederichs inequality, and Sobolev’s inequality, no
longer hold. Thus, the mathematical development of the Smagorinsky model under no-slip
boundary conditions with damping function is cited in [5] as an important open problem.
Mathematical analysis was given in Chapter 4 that allows evaluation of statistics of the
turbulence model for any damping function. Moreover, it was proven that the combination
of the Smagorinsky model with the van- Driest damping function does not over dissipate
and is also consistent with Kolmogorov phenomenology.

In this line of research there are many questions and challenges which are still open. The

following are a few ideas for future research.

e 3D simulation: 3D simulation is required to verify the result in Chapters 3 and 4.

e Other modern turbulence models: Following this research, one can calibrate the
dissipation of a modern turbulence model used in engineering. The dissipation for the
model can be investigated for both continuous and discrete cases. The goal is not only
to understand the dissipation of the model on the under-resolved mesh, but also to find
a sufficient condition on the model’s artificial parameters in order to get the correct

amount of a dissipation.

e Fully discrete case: Extending the results and investigating the properties of the

energy dissipation rate for the fully discrete turbulence models is an important problem.

Natural convection of a fluid driven by heating a wall is a classical problem in fluid
mechanics that is still of technological and scientific importance (e.g. [11] and [26]). Calcu-

lating the dissipation of the fully discrete Natural Convection is a very interesting problem.
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Motivated from here, we study the stability of fully discrete Natural Convection Problems
in Chapter 5. The temperature in natural convection problems is, under mild data assump-
tions, uniformly bounded in time. This property has not yet been proven for the standard
finite element method approximation of natural convection problems with nonhomogeneous
partitioned Dirichlet boundary conditions, e.g., the differentially heated vertical wall and
Rayleigh-Bénard problems. For these problems, only stability in time, allowing for possible
exponential growth of ||7}'||, has been proven using Gronwall’s inequality (e.g. [78,79,87]).
In Chapter 5, we proved that the temperature approximation can grow at most sub-linearly
in time provided a mild restriction on the first mesh line in the finite element mesh. In this

line, there are many interesting questions remain to be answered.

e Is it possible to improve the current results with a less restrictive mesh condition?
e Can the results be improved to uniform in time stability?
e What is the stability for natural convection problems, with sidewall heating, where a

turbulence model is incorporated?
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